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Abstract 
Plasmonics and metamaterials have attracted considerable attention over the past decade, 
owing to the revolutionary impacts that they bring to both the fundamental physics and 
practical applications in multiple disciplines. Although the two fields initially advanced along 
their individual trajectories in parallel, they started to interfere with each other when 
metamaterials reached the optical regime. The dynamic interplay between plasmonics and 
metamaterials has generated a number of innovative concepts and approaches, which are 
impossible with either area alone. This review presents the fundamentals, recent advances and 
future perspectives in the emerging field of plasmonic metamaterials, aiming to open up new 
exciting opportunities for nanoscience and nanotechnology.  
       
1. Introduction 
Since the early 2000s, metamaterials have emerged as a new frontier of science involving 
physics, material science, engineering, optics and nanoscience. The primary reason for the 
extensive interest in metamaterials lies in the fact that metamaterials have implemented a wide 
range of exceptional properties by engineering the internal physical structures of their building 
blocks. This is distinctly different from natural materials, whose properties are primarily 
determined by the chemical constituents and bonds.  
Metamaterials comprise periodically or randomly distributed artificial structures with the 
size and spacing much smaller than the wavelength of interest.1-4 From the deep subwavelength 
feature, the microscopic detail of each individual structure cannot be resolved by the 
electromagnetic waves. We can homogenize the assembly of these inhomogeneous elements, and 
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assign effective material properties at the macroscopic level.5 Importantly, the effective material 
properties are predominantly determined by the size, shape or structure of the building blocks of 
metamaterials, instead of the intrinsic properties of the constituent materials that are used to 
construct metamaterials. Using different metamaterial designs (Figure 1), researchers have been 
able to engineer the material properties with unprecedented degrees of freedom, and have 
demonstrated extremely low-frequency plasmons,6 artificial magnetism,7 negative refractive 
index,8 extremely large refractive index9 and strong chirality.10 The broad spectrum of material 
properties offered by metamaterials also propels the rapid development of transformation optics, 
which enables us to manipulate the flow of electromagnetic waves in almost arbitrary manners.11-
15  
 
Figure 1   Schematics of some representative metamaterials. (A) Metallic wires to achieve low-frequency 
plasmons by reducing the electron density and increasing the effective electron mass. (B) Metallic split ring 
resonators (SRRs) to produce artificial magnetism. Around the resonance frequency, there is a strong current 
( j

) circulating along the resonator, resulting in an effective magnetic moment ( m ). (C) Chiral metamaterials 
made of metallic helices.  
 
After the proof-of-principle experiments in microwave regime, the operation frequency 
of metamaterials was quickly pushed to higher frequency from terahertz (THz) to mid-/near-
infrared and to visible.16 Because most metamaterials are composed of metals, the plasmonic 
effect of metals plays an important role in optical metamaterials. For example, the magnetic 
resonance frequency of split ring resonators (SRRs) inversely scales with the structural 
dimension when the operation frequency is below ~100 THz, where the metal can still be treated 
as a perfect metal with infinite carrier density and zero carrier velocity.4,17 However, this scaling 
law breaks down when approaching the optical regime and the model for real metals must be 
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adopted. At optical frequencies, the kinetic energy of electrons can no longer be neglected 
comparing with the magnetic field energy driving the current in the loop, which contributes an 
additional term to the inductance of SRRs.18,19 This electron inertia together with other 
plasmonic effects changes the simple scaling law in a complicated way, leading to an ultimate 
saturation of resonance frequencies of SRRs at about several hundred THz. Therefore, a more 
comprehensive exploration of plasmonic effects in metals will construct a solid foundation to 
develop optical metamaterials.  
Plasmonics research focuses on the unique properties and applications of surface plasmon 
polaritons (SPPs), quasiparticles arising from the strong interaction between light and free 
electrons in metals.20,21 At the interface between a semi-infinite metal and a semi-infinite 
dielectric, SPPs behave as a surface wave that propagates along the interface while exponentially 
decays into both the dielectric and metal (Figures 2A and 2B). The dispersion relation of SPPs at 
a dielectric-metal interface can be obtained by solving Maxwell’s equations and applying proper 
boundary conditions. Denoting the dielectric constant of the metal and the dielectric material as 
m  and d , respectively, the dispersion relation of surface plasmons is written as  
dm
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      (1) 
where   is the angular frequency, c is the speed of light in vacuum, and kz is the wave vector of 
SPPs along the propagation direction (z-axis). Figure 2C plots the dispersion relation for SPPs at 
silver-air interface. The dielectric constant m  of silver is a frequency-dependent function given 
by Drude model, 
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m  , where p  is the bulk plasmon frequency and   is the 
damping frequency. Below the surface plasmon resonance frequency sp  (at which 
dm  )Re( ), the dispersion curve of SPPs (green solid line) always lies to the right of the 
dispersion curve of light in the dielectric medium, ck d / , the so-called dielectric light line 
(red dashed line). The large SPP wave vector results in a small SPP wavelength, in comparison 
with the propagating light in the dielectric medium at the same frequency. The wave vector along 
the surface normal direction (x-axis) is imaginary, implying SPPs are confined at the interface. 
Above the surface plasmon resonance frequency, SPPs become lossy and quasi-bound. By 
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further reducing the geometric dimensions, the imposed boundary conditions confine SPPs into 
two dimensions (metallic nanowires) or three dimensions (metallic nanoparticles) at truly 
nanoscale beyond the Abbe diffraction limit (Figures 2D and 2E). Such localized SPPs are 
sensitive to the material property, size and shape of the metallic nanostructures. The unique 
properties of SPPs, that is, subwavelength confinement and strong field enhancement, promise a 
variety of novel applications in biomedical sensing,22 super-resolution imaging,23 energy 
harvesting,24 nano manufacturing25 and next-generation optical circuits.26 For instance, owing to 
the excitation of SPPs, resolution of the so-called “superlens” has reached as high as 30 nm,27 
showing the potential for implementing optical microscopy to break the diffraction limit. On the 
other hand, in plasmonics-assisted spectroscopy, such as surface-enhanced Raman spectroscopy 
(SERS), the resolution can be even higher. By utilizing the strong local field enhancement of 
plasmonic nanostructures and the chemical mechanism involving charge transfer between the 
species and the metal surface, SERS can considerably amplify the Raman signal so that the 
vibrational information of single molecules can be probed and recorded.28-30 Tip-enhanced 
Raman spectroscopy (TERS) further improves this resolution. Very recently, there has been a 
report on TERS-based spectral imaging with unprecedented sub-molecular spatial resolution 
(below one nanometer), allowing us to unambiguously resolve the inner structure and surface 
configuration of a single molecule.31  
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Figure 2   (A) Illustration of SPPs and oscillation of surface charges at the interface between a dielectric and a 
metal. (B) The electromagnetic field is maximum at the interface and exponentially decays in the direction 
perpendicular to the interface, reflecting the bound, non-radiant nature of SPPs. (C) Dispersion curve (green) 
for SPPs at silver-air interface. The red dashed line is the light line in air, and the black dotted line represents 
the surface plasmon resonant frequency at which dm  )Re( . (D) and (E) Schematics of SPPs supported 
by a metallic nanowire and a metallic nanoparticle, which are confined in two dimensions and three 
dimensions, respectively. The false colour indicates the electric field of SPPs.  
 
The fundamentals, developments and applications of metamaterials and plasmonics have 
been discussed in many review articles. However, they focus on either metamaterials or 
plasmonics, rather than the remarkable properties and effects originating from the interplay 
between these two areas. As demonstrated by a number of groups, combining metamaterials and 
plasmonics could open up a broad range of opportunities to advance both fields and stimulate 
new cross-disciplinary approaches. Therefore, it is time to review the recent progress in 
plasmonic metamaterials. It is beneficial to reflect how the concepts of metamaterials inspire 
plasmonics and vice versa, potentially giving rise to more breakthroughs in both areas, and in 
nanotechnology in a broader context.  
The rest of the review is organized as follows. We will first discuss different schemes to 
realize negative refractive index and negative refraction at optical frequencies, followed by the 
review of recently developed metasurfaces that allow us to generalize the refraction and 
reflection laws by controlling the phase front. Subsequently we will present THz plasmonics and 
metamaterials based on graphene, which exhibit extraordinary tunability via electrical gating. 
One important application of plasmonic metamaterials is biomedical sensing, which will be 
presented in section 5. We will then discuss some self-assembly techniques to implement 
sophisticated plasmonic metamaterials with fine features, and finally provide a conclusion and a 
brief perspective on this fascinating area of plasmonic metamaterials.  
  
2. Plasmonic Metamaterials to Implement Negative Refraction and 
Negative Refractive Index 
Negative refractive index and negative refraction are the primary incentive that kindled 
the research of metamaterials. In 1968, Victor G. Veselago, a Russian physicist, published a 
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theoretical paper studying a material with a negative refractive index.32  He showed that if the 
relative electric permittivity ( r ) and relative magnetic permeability ( r ) are simultaneously 
negative, the refractive index of the material has to be negative as well, that is,  
|||| rrn          (2) 
Such a negative-index material (NIM) does not exist in nature, but it exhibits many remarkable 
properties. For instance, it can be rigorously proved from Maxwell’s equations that for a plane 
wave propagating in a NIM, the wave vector k

, electric field vector E

 and magnetic field 
vector H

 follow the left-handed rule; and the wave vector k

 and Poynting vector S

 (defined as 
HES
  ) are antiparallel to each other. This is in a sharp contrast to a positive-index material, 
in which k

, E

, and H

 form a right-handed triplet, and k

 and S

 are parallel to each other.  
The unusual electromagnetic properties of NIMs prompt us to revisit some fundamental 
phenomena. For example, it is found that Snell’s law, Doppler effect, Cherenkov effect and 
radiation pressure are all reversed in NIMs.32 Let us focus on Snell’s law, one of the basic laws 
in electromagnetics that determines how light refracts at the interface between two media. As 
illustrated in Figure 3A, if light is incident from a positive-index material to a negative-index one, 
the refracted light lies on the same side as the incident light with respect to the surface normal. 
This is because the tangential components of the wave vectors for incident and refracted light 
have to be conserved, and the energy must flow away from the interface (causality principle). 
From Snell’s law  
 
i
r
r
i
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n

sin
sin
 ,             (3) 
the angle of refraction is indeed negative when the refractive indices of the two materials are 
opposite in signs. In other words, negative refraction takes place.  
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Figure 3   (A) Illustration of negative refraction when light is incident from a positive-index material to a 
negative-index material. Note in the negative-index material, the wave vector ( k

) and Poynting vector ( S

) 
are antiparallel. The wave patterns (in blue and red) are from a full-wave simulation. (B) Photograph of a 
negative-index metamaterial working at microwave frequencies, which consists of copper wires and SRRs. (C) 
Scanning electron micrograph of a 3D fishnet structure to realize bulk NIMs at optical frequencies. The inset 
shows alternating layers of 30 nm silver (Ag) and 50 nm magnesium fluoride (MgF2). (B) and (C) are adopted 
from Ref. 33 and Ref. 35 respectively with permissions.  
 
With arrays of copper wires and split ring resonators to implement simultaneously 
negative permittivity and permeability (Figure 3B), negative index materials and negative 
refraction were first demonstrated experimentally at microwave frequencies.8,33 This 
breakthrough sparked a global interest in metamaterial research. Tremendous effort has been 
devoted to scale down the size of the building blocks and optimize the metamaterial design to 
enable operation at higher frequencies. In order to work at optical frequencies, the feature size of 
metamaterials needs to be sub-100 nanometers or even smaller, imposing a considerable 
fabrication difficulty. So far, the most successful optical NIMs are the fishnet structure,34 which 
significantly eases the fabrication burden. The fishnet metamaterials consist of two layers of 
metal meshes separated by a dielectric spacer layer. The paired stripes oriented parallel to the 
electric field provide negative permittivity, while the other pairs of stripes parallel to the 
magnetic field offer negative permeability. Such a configuration is much simpler than NIMs by 
combining metallic wires and split ring resonators. By stacking 11 functional layers of fishnet 
structures (Figure 3C), Xiang Zhang’s group demonstrated negative refraction through 
broadband, bulk and low-loss NIMs at near-infrared wavelengths.35 Subsequently, loss-free and 
active optical NIMs in the visible wavelength range are achieved by incorporating gain materials 
into the fishnet structure.36  
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Engineering the dispersion of SPPs provides an alternative approach to realize negative 
refraction and NIMs. For instance, there are two bound-SPP modes in a two-dimensional metal-
dielectric-metal (MDM) slab waveguide, which originate from the coupling and hybridization of 
the SPP mode at each individual metal-dielectric interface when the thickness of the dielectric 
layer is small.37 Interestingly, for the high-frequency, antisymmetric SPP mode (between the 
surface plasmon resonance frequency and the bulk plasmon frequency), the dispersion curve 
exhibits negative slope, leading to negative group velocity ( dkdvg  ). In contrast, the phase 
velocity ( pv k ) is positive. As a result, the energy and phase fronts propagate in opposite 
directions; this mode thus behaves as if it has a negative refractive index. On the other hand, the 
low-frequency, symmetric SPP mode (below the surface plasmon resonance frequency) appears 
to have a positive refractive index, since its group and phase velocities are simultaneously 
positive. Utilizing these properties, Lezec et al. directly demonstrated negative refraction at 
visible wavelengths by cascading two MDM waveguides.38 The Au-Si3N4-Ag waveguide is 
designed to sustain a single negative-index mode, while the Ag-Si3N4-Ag waveguide is tailored 
to support propagation of only positive index modes within the same wavelength range (Figure 
4A). The left column of Figure 4B shows the scanning electron microscope (SEM) image of the 
fabricated structure to demonstrate in-plane negative refraction, which was made by applying a 
sequence of thermal evaporation and focused ion milling steps to both sides of a suspended Si3N4 
membrane. The input slit at the backside is revealed by electron transparency. In the prism 
region, the SPPs exhibit negative group velocity for the thickness of the Si3N4 equal to 50 nm, 
while the rest region only sustains SPPs with positive group velocity. The semi-circular slit 
works as an output coupler. At 0 = 685 nm, the position of the output spot indicates positive 
refraction at the prism’s interface with a refraction angle  = +0.1°. The output-spot position 
shifts upwards when 0 is reduced to 514 nm, indicating negative refraction of SPPs with a 
refraction angle  = –43.7°. Given the incident angle equal to 7°, Snell’s law yields an effective 
index ratio for SPPs, which is +0.01 and –5.57 at 0 = 685 nm and 514 nm, respectively.  
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Figure 4   (A) Dispersion curves for SPPs in an Ag-Si3N4-Ag and an Au-Si3N4-Ag waveguide when the 
thickness of Si3N4 is 50 nm. (B) Left column: Scanning electron micrograph image of the fabricated device at 
the output side. Central and right columns: optical microscope image for illumination at 0 = 685 nm and 514 
nm, showing positive refraction and negative refraction of SPPs, respectively. (C) and (D) Field plot of the Hy 
component showing negative refraction of light (0 = 400 nm), which is incident from air into a 3D 
metamaterial made of an array of MDM waveguides. The arrows show the unit-cell-averaged direction of the 
time-averaged Poynting vector. The illuminated interface is normal and parallel to the waveguides in Figure C 
and D, respectively. Gray dashed lines indicate incident and refracted wave fronts. (E) Unit cell of a NIM 
consisting of a hexagonal array of subwavelength coaxial waveguide structures. (F) Negative refraction of light 
(0 = 483 nm) at the interface between air and a metamaterial made of an array of Ag-GaP-Ag coaxial 
plasmonic waveguides. The period of the waveguide array is 165 nm, the thickness of the GaP annular channel 
is 25 nm, and the inner Ag diameter is 75 nm. Shown is a snapshot of the Hy component taken in the 
polarization plane. (A) and (B) are adopted from Ref. 38, (C) and (D) are adopted from Ref. 39, and (E) and (F) 
are adopted from Ref. 43 with permissions.  
 
By stacking an array of MDM waveguides, Verhagen et al. theoretically demonstrated a 
metamaterial that have a three-dimensional (3D) negative refractive index at visible 
frequencies.39 In the design, the unit cell is a pair of strongly coupled MDM waveguides, in 
which eigenmodes resemble even and odd superpositions of the antisymmetric mode in the 
individual MDM waveguide. The odd superposition exhibits a negative mode wave vector as 
well as a negative coupling coefficient, resulting in negative refraction of both phase and energy 
for the transverse magnetic (TM) polarized light. The constant frequency contour can be almost 
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spherical by tailoring the dielectric layer thickness between the unit cells. Therefore, wave 
propagation in such a 3D metamaterial can be described by an isotropic negative refractive index. 
Figures 4C and 4D show the Hy component when a TM-polarized plane wave (0 = 400 nm) is 
incident from air into the metamaterial under two different conditions, that is, from the side and 
top of the waveguides, respectively. The arrows indicate the calculated time-averaged Poynting 
vector S

, while the gray dashed lines indicate the incident and refracted wave fronts. From the 
two figures, one can clearly see that not only the wave fronts, but also energy is refracted 
negatively with n = –1 for light incident on both interfaces. The negative refraction and lensing 
effect was experimentally demonstrated in stacked MDM waveguide arrays for ultraviolet 
light.40 Very recently, the transformation optics approach is used to conformally map the 
plasmonic waveguide into a crescent-shaped plasmonic resonator to degenerate electric and 
magnetic dipoles.41 Numerical simulations show that a periodic array of such resonators exhibits 
negative refractive indices over 200 nm wavelength bandwidth at optical frequencies. In addition 
to negative refractive index, near-zero refractive index has also been demonstrated in the planar 
MDM waveguide42 and the transformed crescent plasmonic structure41 in the optical domain.  
The negative refraction in Refs. 38 and 39 only works under TM polarization. To realize 
polarization-independent or even isotropic NIMs, different approaches have been proposed. For 
example, similar to the planar MDM plasmonic waveguide, a coaxial MDM waveguide 
geometry can also support an antisymmetric SPP mode that has negative refractive index (Figure 
4E).43 Thanks to the cylindrical symmetry, the negative-index mode is accessible from free space, 
independent on polarization and incident angle. It is shown that an array of coupled plasmonic 
coaxial waveguides functions as a NIM working in the 450-500 nm spectral range with a figure 
of merit FOM = |Re(n)/Im(n)| ~ 8. Figure 4F plots the Hy component for a TM polarized light (0 
= 483 nm) incident at 30o. The phase front is clearly refracted in the negative direction with an 
angle of –12.5o with respect to the interface normal, and the wave indeed propagates backward 
from the finite-difference time-domain (FDTD) simulation. Negative refraction based on arrays 
of metallic nanowires was experimentally demonstrated in 2008,44 while the mechanism is the 
negative group index arising from the hyperbolic dispersion of such a metamaterial.45,46  
In addition, various attempts have been made to achieve isotropic NIMs by utilizing the 
Mie resonance of core-shell nanostructures. From the Mie theory, a particle can support both 
electric and magnetic multipolar modes, and the electromagnetic scattering and extinction 
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efficiencies of a particle originate from the contribution from all the modes. The magnetic dipole 
resonance is generally much weaker than the fundamental electric dipole mode, but it can be 
significantly enhanced in a structure made of high-permittivity materials,47-49 which include 
semiconductors such as silicon and germanium. Some properly designed core-shell structures 
exhibit negative refractive indices by overlapping the electric and magnetic resonance within the 
same spectral range. The metallic core provides the electric plasmon response, while the 
semiconductor shell is responsible for the strong magnetic resonance with negative permeability. 
Numerical simulations have shown that both core-shell nanowires and core-shell nanoparticles 
can implement NIMs operating in the near-infrared regime.50-52 Because both electric and 
magnetic responses are obtained from a single constituent, no special requirement is needed for 
the lattice arrangement of inclusions. In particular, NIMs constructed by core-shell nanoparticles 
exhibit isotropic and polarization-independent properties, owing to the spherical symmetry of the 
constituents. Experimental demonstration of such NIMs has not been achieved yet, although 
strong magnetic response has been observed in a complex plasmonic core-shell geometry.53  
At the end of this section, let us briefly discuss the reversal of Cherenkov effect, Doppler 
effect and radiation pressure in NIMs.32 Cherenkov effect is the electromagnetic radiation of a 
charged particle when it travels through a medium faster than the phase velocity of light in that 
medium.54 In conventional materials with positive refractive index, the radiation falls into an 
expanding cone in the forward direction of movement, whereas in NIMs the direction of 
radiation is reversed to the backward side.32,55 Similarly, inverse Doppler effect occurs when 
observing a source moving in an NIM. The experimental observation of the two effects is more 
challenging than that of negative refraction. For the reversed Cherenkov radiation, its power 
reaches maximum in the ultraviolet region and drops rapidly with increasing wavelengths.56 The 
currently available optical metamaterials are still quite lossy, not suitable for detecting the weak 
radiation signal. Even at microwave regime where both the fabrication and detection techniques 
are well-developed, only until recently have researchers reported the first successful observation 
of the reversed Cherenkov radiation,57 though some groups had previously presented analogous58 
and indirect evidence.59 For the inverse Doppler effect, the main difficulty originates from the 
measurement of frequency shift inside the media. So far there has been a few experimental 
demonstrations of inverse Doppler effect based on nonlinear transmission lines at THz,60 and 
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photonic crystals with an effective negative refractive index at optical frequencies.61 However, 
the demonstration of inverse Doppler effect by means of NIMs is still lacking.  
Another intriguing while subtle subject related to NIMs is the negative radiation pressure 
or negative optical force. According to the prediction in Veselago’s pioneering paper, a light 
beam propagating in a NIM and impinging on a reflecting object exerts a momentum directed 
backward to the source,32 unlike in a conventional medium where the resulting momentum points 
to the direction leaving the source.62 Therefore, light pressure on the object embedded in a NIM 
counterintuitively causes an attraction, or a pulling force. However, because the century-old 
debate on the definition of momentum of light in a dielectric medium,63-65 namely the Abraham-
Minkowski controversy, has not yet been settled, we need to pay special attention when dealing 
with the radiation pressure or optical force in NIMs.66,67 Some authors suggest that for NIMs, 
positive admittance and group refractive index, instead of negative phase refractive index, should 
be used as material parameters when radiation pressure is concerned. Under such a consideration, 
the radiation pressure in NIMs is not different from that in conventional materials.68 The 
experimental confirmation on the direction of radiation pressure is even more difficult than that 
of inverse Doppler effect, owing to the similar material property and detection issues. The force 
of light is normally very weak thus needs to be measured via the motion of small objects. 
Unfortunately, current optical metamaterials are solids which prevent the movement of any 
objects.69 Although the optical force verification in NIMs is intrinsically challenging, research on 
negative optical forces has recently achieved great progress by other judicious strategies, such as 
tailoring the incident beam profile,70,71 the object morphology,70 and the dielectric environment.72 
All these experiments are performed based on materials with positive refractive index, which 
exceed the scope of this paper. For a more detailed discussion on negative optical forces, we 
refer the readers to a latest review article.73  
 
3. Plasmonic Metasurfaces 
Since 2011, there has been an extensive interest in metasurfaces, a new kind of 2D 
metamaterials.74-85 By patterning plasmonic nanostructures and engineering the spatial phase 
distribution within the plane, we can achieve exotic optical phenomena and optical components, 
including negative refraction or reflection, as well as ultra-thin focusing or diverging lenses. 
These findings are remarkable, since normally a material with a finite thickness (with respect to 
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the wavelength) is required to accumulate sufficient phase to shape the beam profile. This 
requirement applies to classical optical components (such as glass lenses, prisms and wave plates) 
and also metamaterials (such as a NIM slab for imaging). In comparison, metasurfaces tailor the 
in-plane phase front using an extremely thin slab consisting of judiciously designed plasmonic 
structures. To some extent, metasurface can be considered as the optical counterpart of frequency 
selective surface (FSS),86 a 2D planar structure widely used in radio-wave and microwave 
regions under the long wavelength limit. In FSS, each unit cell acts as a small antenna, which is 
excited by external incidence and then emits or scatters waves with a phase variation relative to 
its neighbouring units. As a result, specifically tailored wave fronts can be realized. Depending 
on the characteristic of the scattered waves, an FSS can be used as a lens (transmitarray),87,88 a 
reflector (reflectarray),89 or an absorber,90 etc. Thanks to the advances in nanotechnology, optical 
nanoantennas with a feature size below 100 nanometers can be routinely fabricated and precisely 
arranged. By rationally designing the structural features, one can build optical nanoantenna 
arrays analogous to FSS. These compact arrays introduce prescribed phase distribution within 
deep subwavelength thickness, leading to exceptional changes of light propagation 
characteristics. Here we concentrate on the current development of nanoantenna-based 
metasurfaces for controlling propagating waves and surface plasmons, while the application of 
metasurfaces for biosensing will be discussed in section 5.  
In conventional optical components consisting of dielectrics, the behavior of light is 
governed by the gradual phase change accumulated along the optical path, implying that the 
surface geometry and refractive index profile are the two most important factors. On the other 
hand, it is well known that phased arrays at radio frequencies, which utilize a group of antennas 
fed by spatially varied signals to control the radiation pattern, can introduce abrupt phase shifts 
along the optical path to steer electromagnetic waves. Similar active devices at optical 
wavelengths have long been investigated aiming at large-scale on-chip integration. A 
nanophotonic phased array was successfully fabricated recently.91 For passive devices, as long as 
the change of phase occurs within a very small thickness, the effect of wave propagation in this 
layer can be neglected, making the phase discontinuity an inherent characteristic of the interface. 
Under this circumstance, the standard Snell’s law that characterizes refraction and reflection 
should be rewritten into a generalized form:74  
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0sin( ) sin( ) / 2t t i in n      ,    (4) 
0sin( ) sin( ) / 2r i in      ,     (5) 
where i , t , and r  are the angles of incidence, refraction, and reflection, respectively; in and 
tn  are the refractive indices of the two media on the incidence and transmission side respectively; 
0  denotes the wavelength in free space and   is the gradient of phase along the interface. A 
non-trivial phase gradient will change the directions of the refracted and reflected light 
simultaneously. This feature is fundamentally different from bulk materials or even 
metamaterials, where normally only the direction of the refracted component is changed. In 
addition, as can be deduced from Eqs. (4) and (5), if the abrupt phase shift term   is properly 
selected, not only negative refraction but also negative reflection can take place.  
 
Figure 5   (A) SEM image of a representative metasurface consisting of a V-shaped plasmonic nanoantenna 
array. (B) Schematic illustration of metasurface-induced anomalous reflection and refraction, in comparison to 
the ordinary reflection and refraction. (C) Properly engineered metasurface creates an optical vortex with a 
topological charge of one. Starting from the top left, the four images in the clockwise direction show the SEM 
image of the sample, the far-field intensity distribution of the vortex beam, the fringe pattern created by the 
interference of the vortex and a Gaussian beam tilted with respect to it, and the spiral pattern created by the 
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interference of the vortex and a co-propagating Gaussian beam. (D) Transverse polarization splitting from a 
metasurface with a phase retardation along +x direction and (E) its experimental evidence. For data in (E), red 
and blue indicate the right and left circular polarizations, respectively. (A-C) are adopted from Ref. 74, and (D) 
and (E) are adopted from Ref. 78 with permissions.  
 
The physical realization of an interface with continuous phase shifts is not trivial. 
Fortunately, it can be constructed by an array of plasmonic nanostructures with varied geometries 
and subwavelength separations. Similar to the long-wavelength counterparts of transmitarrays 
and reflectarrays in FSS, here the spatially varied nanostructures play the role of resonators to 
engineer the in-plane phase shifts, which eventually determine the directions of the refracted and 
reflected beams. Figure 5A shows the SEM micrograph of a metasurface consisting of gold 
nanoantennas with a V shape.74 By breaking the geometrical symmetry, a V-shaped antenna gives 
different responses to the different polarization components of the incident light, providing a 
wide range of degrees of freedom to modify the phase distribution and the state of the scattered 
light at the interface. As shown in Figure 5A, the V-shaped nanoantennas are arranged 
periodically along x direction (period 11 m), and the angle between the axis of symmetry of 
each unit cell and the x-/y-axis is fixed to be 45°. For an x- or y-polarized incidence, these 
antennas can provide cross-polarized scattered light, with equal amplitudes and constant phase 
difference between neighbors along the x-axis. For the scattered light, the cross-polarized 
component exhibits anomalous reflection and refraction due to the phase discontinuity across the 
interface, while the other component simply follows the standard laws, resulting in ordinary 
propagation. Figure 5B plots the schematic of an experimental setup with y-polarized incidence. 
This 2D demonstration of anomalous refraction and reflection was later extended to the 3D 
version.92  
A novel application of metasurfaces is far-field beam shaping.84,93-99 Because phase shifts 
are controlled by the arrangement of plasmonic nanoantennas, the wave front of the scattered 
light can be shaped in an almost arbitrary manner. For example, one can easily generate light 
beams carrying desirable orbital angular momentum (OAM), so called optical vortices or vortex 
beams.74 A vortex beam is an optical field propagating with its wave front twisted around the 
beam axis like a corkscrew. This unique property promises direct applications in detection100 and 
optical tweezers101,102 for rotating or trapping small particles. The vortex beams have infinite 
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states characterized by an integer called topological charge, which represents the number of 
twists of the wave front as light propagates a distance of one wavelength. Because different 
topological charges correspond to different speeds of information manipulation, vortices are 
expected to be applied in signal processing such as encoding and multiplexing.103,104 The creation 
of vortex beams is commonly achieved by using spiral phase plates, computer generated 
holograms, q-plates or other modulators, which are bulky and rely on the surface geometry and 
refractive index profile. In contrast, metasurface can easily generate such beams with a proper 
phase distribution by patterning nanoantenna arrays. The top left panel of Figure 5C shows an 
example of the fabricated plasmonic metasurface to create vortex beams at mid-infrared with a 
topological charge of one. The array is divided into eight sectors occupied by one constituent 
element each, rendering in turn a π/4  phase delay in the clockwise direction. Using such a 
structure, vortex beams can be excited upon normal illumination of linearly polarized light. The 
resulting beam has a uniform intensity except the singularity at the center, which appears as a 
bright ring in the top right panel. The helical wave front of the vortex is revealed by its 
interference with co-propagating Gaussian beams parallel and tilted with respect to it, , as shown 
by the spiral and fringe patterns at the bottom of Figure 5C, respectively.  
In addition to OAM, the spin angular momentum (SAM) is another fundamental property 
of light. In a circularly polarized light beam, each photon carries a SAM of   directed along 
the beam axis.105,106 Here   is the reduced Planck constant and the positive (negative) sign is 
adopted for left (right) circular polarization. When the light beam is propagating along a curved 
trajectory, the evolutions of polarization state (spin) and light trajectory (orbital motion) will 
affect each other.107 This optical spin-orbit interaction, in analogy to its electronic counterpart, is 
normally weak, requiring the measurement sensitivity of displacements at the angstrom level.108-
110 A rapid phase gradient along a metasurface can dramatically enhance the optical spin-orbit 
interactions when photons pass through the metasurface,78 giving rise to clearly observable 
changes to the trajectories of light besides the anomalous refraction along the phase gradient. 
This is the so-called helicity-dependent transverse displacement, or photonic Spin Hall Effect 
(SHE). For an incidence of linear polarization, its components of opposite helicities will be split 
and accumulated at the opposite half spaces of the anomalously refracted beam, as schematically 
depicted in Figure 5D. Experimentally, the helicity of the anomalously refracted light cannot be 
observed directly. However, it can be retrieved for visualization from the measured data. 
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Specifically, the circular Stokes parameter is determined by the relative intensities of right and 
left circular polarization, which can be discriminated by wave plates and polarization analyzers 
and imaged by cameras. A successful observation of photonic SHE based on this scheme is 
presented in Figure 5E. This progress may open new possibilities for optical information 
technology.  
Metasurfaces exhibit three unique advantages over bulk metamaterials in controlling light 
propagation with extraordinary abilities. First, the reduced dimension could also reduce both loss 
and cost, which arises from Ohmic loss of metals and fabrication complexity, respectively. 
Second, the designs of nanoantennas are diverse, thus allowing one to adopt different candidates 
for different applications, where the requirements on wavelength, polarization, and efficiency 
may vary. For instance, a dipole antenna array is demonstrated to work on the anomalous control 
of circularly polarized light.84,94 Last, the planar metasurface can be readily integrated with other 
on-chip or quasi-planar optical devices. This is highly desirable for miniaturized photonic 
systems. Unlike conventional lenses with bulk volume and complex surface curvature, a 
metasurface-based lens could be ultra thin, flat, and aberration-free.84,93,111 We note that recent 
progress at long wavelength regime is also impressive. In Ref. 112, a microwave metascreen is 
designed to tailor the wave front without causing any reflection. This dual-functionality is still 
challenging for the current metasurfaces based on nanoantennas.113  
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Figure 6   (A) A narrow aperture in a gold film selectively scatters light polarized perpendicular to its 
orientation. (B) SPPs emitted from an array of closely-spaced subwavelength apertures interfere constructively 
along planes parallel to the column. (C) Metasurface consisting of multiple parallel column pairs enables 
polarization-controlled directional coupling of SPPs. Linearly polarized light generates two SPP beams 
symmetrically propagating to both sides of the structure; while in contrast, the right (left) circularly polarized 
light is converted to SPPs propagating to the right (left) side of the structure only. (D) Anomalous diffraction of 
right (left) circularly polarized light adds an extra momentum towards right (left), leading to asymmetric 
excitation of SPPs. (A-C) are adopted from Ref. 79, and (D) is adopted from Ref. 81 with permissions.  
 
Another exciting feature of plasmonic metasurfaces, which is revealed very recently, is 
the ability to control optical surface waves, such as SPPs, in the near-field regime.76,79-82 
Conceptually, one can manipulate the propagation of light and SPPs with the transformation 
optics approach as they both obey Maxwell’s equations.11,12,114-116 However, the physical 
realization of transformation optical devices still relies on either bulk metamaterials or dielectrics 
in most cases, which leads to intrinsic limitations on the size and cost of the devices. The latest 
work by several groups shows that metasurfaces can efficiently mold SPPs.79-82 The idea utilizes 
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a fundamental nature of waves, even those bounded at interfaces, that the superposition of two 
waves may form complex power distribution owing to the constructive and destructive 
interference. When the patterned plasmonic nanostructures of a metasurface interact with light, 
part of the re-radiative energy is converted to SPPs. In other words, the plasmonic nanostructures 
function as SPPs emitters. By controlling the relative phase among the emitters via modifying 
the geometry of the nanostructures or the polarization state of the incident light, one can achieve 
unidirectional excitation of SPPs.  
The recent work of Capasso’s group uses an aperture array—the complementary structure 
of the nanoantennas, to excite directional SPPs.79 As shown in Figure 6A, a single 
subwavelength aperture milled into a gold film resonantly interacts with light that is polarized 
along the long axis of the aperture, producing an equivalent dipole oriented along the short axis, 
as represented by the red arrow in the figure. The dipole excites SPPs, which display a 
symmetric radiation pattern. Then in Figure 6B, the SPPs generated from a column of apertures 
with the same orientation interfere constructively along the planes parallel to the column, giving 
rise to plane-wave-like SPPs that propagate symmetrically away from the structure. By placing a 
second parallel column consisting of apertures oriented orthogonally to those in the first column, 
the total intensities of the left-going and right-going SPPs can be controlled by the helicity of the 
incident light and the separation of the two columns of apertures. The left panel of Figure 6C 
illustrates the SEM image of a metasurface with multiple column pairs to launch polarization-
controlled SPPs. The right panels show that a linearly polarized light normally incident from top 
generates SPP beams of almost equal intensity to both sides of the structure; while in contrast, 
the right (left) circularly polarized light is converted to SPPs propagating to the right(left) side of 
the structure only. The different orientations of the apertures between a column pair are essential. 
The reason is similar to the previous work,74 in which the V-shaped antennas facilitate the 
coupling between plasmonic nanostructures and different field components. Near-field 
interference can be also induced on a flat interface by a circularly polarized dipole, whose 
vertical and horizontal component owns an odd and even parity of spatial frequency spectrum 
respectively, resulting in an asymmetric profile of SPPs. As proven in Ref. 80, a single slit 
obliquely illuminated by circularly polarized light can indeed excite directional SPPs as well.  
An alternative route stems from the phase discontinuity mechanism. The metasurface 
consisting of an aperture array can provide a phase gradient as a dipole antenna array does. As 
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we have discussed, this structure is able to control anomalous light propagation depending on the 
polarization state. When light illuminates on such an interface, the diffraction equation needs to 
be modified by taking into account the effect of the phase shifts:81  
0 0sin( ) sin( ) / /t t i in n m s          ,   (6) 
where t  and m are the angle and order of diffraction respectively, s is the lattice constant of the 
array, and   is a coefficient of helicity taking 1/–1 for the left/right circular polarization. Figure 
6D compares the ordinary and anomalous refraction and diffraction of two helicities at normal 
incidence. While the ordinary diffraction orders lie symmetrically about the surface normal, the 
anomalous ones are shifted sideward together with the refracted light in accordance with the 
helicity of the incidence. This asymmetric profile enables one side of the array to gain a larger 
wave vector, which leads to efficient excitation of SPPs. In contrast, the wave vector is smaller 
on the other side (shifted closer to the light line), and the SPP excitation condition is not satisfied.  
One problem is the coupling efficiency of SPPs. The efficiency achieved in experiments 
was low, about 2.5% and 3.8% in Ref. 79 and Ref. 81, respectively. This can be improved by 
optimizing the array configuration and employing highly resonant structures. For instance, a 
compact magnetic resonator pair can generate directional SPPs with efficiency as high as 
135%,117 enabling better conversion of light from free space to surface plasmons. With these 
recipes and better plasmonic materials, the coupling efficiency was enhanced up to 10~14% in 
simulations and is expected to reach a higher level.81,93  
The family of metasurfaces is actively growing, and there are several directions might be 
worth exploring in the coming years. The symmetry property of nanoantennas is a possible 
gateway leading to highly efficient plasmonic sources and spin-controlled photonic devices. 
Hyperbolic metasurface inherits the superior ability of its 3D counterpart in terms of large 
photonic density of states.77,118 Therefore, they are promising for on-chip lasing and quantum 
information applications. Other issues, like tunability, loss, and so forth, are also important 
aspects that always exist in plasmonic metamaterials.  
 
4. Plasmonics and Metamaterials Based on Graphene 
Graphene, a monolayer of carbon atoms arranged in a honeycomb lattice,119,120 has 
attracted a great deal of attention for plasmonics and metamaterials at terahertz and infrared 
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frequencies.121-126 The dispersion of conventional SPPs supported by noble metals approaches 
the light line in the long wavelength regime, and the subwavelength confinement is completely 
lost. However, graphene can support surface plasmons to confine light strongly while potentially 
maintaining small losses in this frequency range because of its unique electronic property.123,127 
Moreover, the mechanical, electronic, optical, and even thermal properties of graphene are highly 
tunable via chemical doping and electrical gating.128-134 These favorable features arouse 
enormous interests on the investigation of graphene-based tunable plasmonics and metamaterials.  
Theoretically, surface plasmons can exist in a material with mobile charge carriers whose 
conductivity is predominantly imaginary.135 This is equivalent to a material, such as a noble 
metal, of which the real part of electric permittivity is negative. Graphene is an atomically thin 
semiconductor, whose electron density, and thus the plasma frequency is much lower than that of 
bulk noble metals. As a result, graphene satisfies the requirements of supporting SPPs as a bulk 
metal does, whereas its operating frequencies reside at terahertz and infrared regimes, much 
lower than that of metals at visible and ultraviolet. Because of the 2D nature of the platform, 
graphene surface plasmons exhibit exponential field decay into the surrounding dielectric layers 
on both sides of the graphene sheet (Figure 7A).123 Indeed, graphene plasmonics resembles 
plasmons in the two-dimensional electron gases (2DEGs) that have been explored before.136-138  
As a zero-gap semiconductor, graphene can be doped to high density of charge carriers 
by either chemical methods or varying the biased gate voltage. The latter approach, known as 
electrical gating, is particularly preferred as it provides an in situ and effective access to tune the 
electronic and optical properties of graphene layers.139-141 Figure 7B illustrates one valley of the 
electronic band structure of graphene, where the intra- and inter-band transitions are represented 
by the green and pink arrows, respectively. A sufficiently high level of doping leads to a larger 
value of Fermi energy EF. The absorption of photons with energy less than 2EF is forbidden due 
to the Pauli blocking. Therefore, doping can suppress the absorption losses introduced by the 
inter-band transition and compels SPPs towards higher frequencies.121,124  
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Figure 7   (A) Schematic of SPPs in graphene. (B) Electronic band structure of graphene. The green and pink 
arrows represent the intra- and inter-band transitions, respectively. (C) Schematic of the experimental 
configuration to launch and detect SPPs on graphene based on near-field scanning optical microscopy (NSOM). 
A sharp metallic tip illuminated by an infrared laser is used to locally excite SPPs, and the near-field SPP 
signal can be scattered by the tip into the far-field and detected. (D) Top panels show the snapshots of 
destructive (left) and constructive (right) interference of plasmon waves underneath the tip (blue circles). The 
bottom panels are the profiles of electric field amplitude underneath the tip versus its distance to the left edge. 
The scale bar is half wavelength of SPPs. (E) Near-field amplitude images showing the switching of graphene 
plasmons when a backgate voltage is applied. Red and white arrows denote the positions of resonant local 
plasmon modes on a tapered graphene ribbon. (A) and (B) are adopted from Ref. 123, (C) and (D) are adopted 
from Ref. 135, and (E) is adopted from Ref. 145 with permissions.  
 
Because the charge carriers in graphene are massless Dirac electrons and the excitations 
are essentially confined in the transverse dimension, graphene plasmons are expected to provide 
much smaller wavelengths and thereby much stronger light-matter interaction. From the 
dispersion relation, one can calculate the SPPs wavelength on a graphene sheet, which is about 
200 nm at infrared frequencies,127,135 approaching two orders of magnitude smaller than the 
wavelength of illumination. Such an exceptional confinement is not possible in conventional 
SPPs supported by noble metals at the same frequency range. However, this feature brings a 
technical problem: the excitation and detection of graphene plasmons can hardly be efficient due 
to their large wave vector mismatch with photons in the free space. Although successful 
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observations have been reported via electron spectroscopy142,143 and tunneling spectroscopy,144 
the spectrally indirect probing is not sufficient to look into the underlying physics of graphene 
plasmons. Recently, two groups independently reported the direct spatial mapping of graphene 
plasmons based on the scattering-type near-field scanning optical microscopy (NSOM)135,145 at 
infrared frequencies. Thanks to the advanced experimental techniques, high-resolution imaging 
of the real-space profiles of propagating and standing surface plasmons are achieved. Figure 7C 
shows the configuration of the experimental setup, which was employed in both studies. 
Plasmons with high in-plane momenta are excited by illuminating a sharp atomic force 
microscope (AFM) tip with a focused infrared beam, as indicated by the green arrow. The near-
field amplitude profiles are obtained from the back-scattered light beam (blue arrow). The tip is 
extremely sharp, with the curvature radius of around 25 nm, ensuring excitation of large 
momentum and high order of spatial resolution. The reported wavelength of graphene plasmons 
is about 200 nm, which is more than 40-fold smaller than that of the incident infrared light. 
Various characteristics of SPPs can be observed from the resulting images. For instance, the 
plasmons interference patterns are given by the simulated near-field amplitude profiles in Figure 
7D. Because of the presence of the graphene/substrate boundary at L = 0, interference occurs 
between the tip-launched plasmons (white circles) and the reflected plasmons (green circles), 
giving rise to different standing wave patterns when the tip is located at different distance from 
the edge, as denoted by the blue circles and arrows respectively.  
A unique property of graphene plasmonics is that the plasmon wavelength is determined 
by the carrier density, implying one can tune the characteristics of graphene plasmons and 
achieve sophisticated functionalities by simply varying the gate bias.145 Figure 7E shows the 
plasmonic switching by electrical gating, where tapered graphene ribbons are deposited on a 
SiO2 substrate with a Si backgate. As can be seen, with a sufficiently large and increasing 
backgate voltage VB, which causes larger carrier density and Fermi energy, the two local plasmon 
modes shift towards regions with a larger ribbon width due to the corresponding increase in 
plasmon wavelength. This exciting result clearly manifests the effectiveness of graphene gate-
tuning and the capability of graphene plasmonics to control and switch optical signals at the 
nanoscale.  
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Figure 8   (A) Graphene micro-ribbon array. Four panels in the clockwise direction show the top-view, side-
view, gate-dependent electrical resistance trace, and the AFM image of a sample with the graphene ribbon 
width of 4 m and the period of 8 m. (B) Control of the absorption of graphene plasmons via electrical gating. 
The graphene ribbon array is the same as in (A), and the polarization is perpendicular to the grapheme ribbon. 
For comparison, the inset shows the corresponding spectra for terahertz radiation polarized parallel to ribbons. 
In this case, the absorption strength increases with carrier concentration (bias voltage) but the spectral shape 
remains the same. (C) Spectra of change of transmission with different micro-ribbon widths (1, 2, and 4 m). 
(D) SEM image and (E) extinction spectra of patterned graphene/insulator stacks with varied numbers of 
graphene layers. (F) Tunable terahertz filters using stacked graphene devices with different diameters of the 
stack. The total number of graphene layers is fixed at five. (A-C) are adopted from Ref. 139, and (D-F) are 
adopted from Ref. 141 with permissions.  
 
In addition to doping and gating, geometry patterning is an alternative approach to tune 
the optical properties of graphene, rendering a variety of graphene-based plasmonic and 
metamaterial structures at infrared wavelengths. The light-plasmon coupling in pristine graphene 
is relatively weak and not sufficient to serve practical devices. However, some recent 
experimental work demonstrated that rationally designed graphene patterns can dramatically 
enhance the coupling and improve the light-matter interaction.139,141,146-149 Therefore, patterning 
is an effective recipe to tune graphene plasmons, which not only diversifies the design of 
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devices125,150-152 but also enables the investigation of the damping effect in graphene 
nanostructures.153 As a representative example, graphene micro-ribbon arrays are investigated in 
Ref. 139 and show interesting properties. The structure of a gated graphene ribbon array is 
shown in Figure 8A.  The widths of ribbon and gap are identical and varied in experiments from 
1 to 4 m, which is much smaller than the wavelength of incidence and enables efficient 
excitation of plasmon resonances. Owing to the anisotropic nature of configuration, the micro-
ribbon array responds differently to incident light with polarization perpendicular and parallel to 
the ribbons. In Figure 8B, the spectra of perpendicular polarization exhibit a distinctly different 
Lorentz line shape, because the plasmon excitations correspond to carrier oscillations across the 
width of micro-ribbons. While the carrier concentration n increases with increasing gate voltages, 
the absorption peak not only gains strength but also shifts to a higher energy, in accord with the 
n1/4 scaling signature of massless Dirac electrons (Figure 8B). For comparison, the inset of 
Figure 8B depicts the absorption spectra for parallel polarization at three different gate voltages. 
In this case, the optical response originates from mobile charge carrier oscillation similar to that 
in a graphene monolayer, which can be described by Drude model and changes only in amplitude 
with increasing gate voltage. A noticeable fact is, in both cases, the absorption at plasmon 
resonances reaches the level of over 12% for gate voltage greater than 2V. Compared with the 
2.3% absorption by a single layer of pristine graphene,154 such a substantial absorption implies 
strong light-plasmon couplings in the patterned graphene ribbons.  
For polarization perpendicular to the ribbons, changing the width of ribbon is an 
alternative way to tune the plasmon resonance frequency. Figure 8C reports the change of 
normalized transmission with different ribbon widths w, in which the carrier concentration is 
fixed to be 13 21.5 10 cm . Theoretical derivations based on quasistatic description suggest that 
the plasmon resonance scales as w–1/2, a characteristic behavior of 2DEGs. The experimental 
results fit well with the prediction as indicated by the blue-shifting trend of resonance with 
decreasing ribbon widths. Further engineering, such as broadening the ribbon width and 
adjusting the filling ratio, can be performed to achieve tunable plasmon resonance ranging from 
1 to 10 THz.  
The strong dependence of polarization may not be a desirable property in practical 
applications. Graphene/insulator stacks, in a circular shape and arranged in a high-symmetry 
order, can circumvent such a disadvantage.155 More importantly, the number of the stacked layers 
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significantly influences the plasmonic resonance frequency and amplitude.141,156 Figure 8D 
shows the SEM image of an array of microdisks arranged in a triangular lattice, where two 
parameters, the diameter of disks d and the lattice constant a, determine the configuration of the 
stack array in the transverse dimension. In Figure 8E, the extinction spectra of the samples are 
plotted for 1-, 2- and 5-layer samples, respectively. With increasing number of graphene layers, 
both the resonance frequency and peak intensity increase significantly because of the strong 
Coulomb interaction between adjacent layers, which is drastically different from the simple 
addition of carrier concentration in conventional 2DEG lattices. On the other hand, unlike 
resonances in graphene monolayer owning a weak n1/4 carrier density dependence, plasmons in 
the stack structure show a strongly enhanced dependence on carrier concentration. The resonance 
amplitude and frequency are proportional to n and n1/2, respectively. The latter scale stands for 
conventional 2DEGs. As a result, one can effectively tune the resonance frequency and 
amplitude of the graphene plasmons in the stacked microdisks, promising great potential in THz 
photonic applications. By adjusting the in-plane geometrical parameters while maintaining a 
large filling factor, which is defined as microdisk area over total area, a peak extinction as high 
as 85% can be achieved (red curve in Figure 8F). The device functions as a tunable, polarization-
independent plasmonic notch filter, and the peak value in the spectra corresponds to an extinction 
ratio of ~8.2 dB.  
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Figure 9   (A) Schematic of a gate-controlled active graphene metamaterial. A single-layer graphene is 
deposited on a hexagonal metallic meta-atom layer and connected to an electrode (yellow frame) playing the 
role of ground, and then sandwiched by EOT electrodes (yellow strips) embedded in dielectrics. (B) The 
graphene metamaterial in (A) integrated to a drilled PCB for THz-TDS measurement. The inset shows the 
magnified view of the planar multilayer structure. Measured spectra of (C) relative change in transmission, and 
(D) phase change of the hexagonal graphene metamaterials. The dashed line denotes the voltage of the charge 
neutral point (CNP) VCNP. (E) The spectra of transmission (T2), reflection (R2), and absorption (A) of the 
graphene metamaterial at the resonance frequency. Figures are adopted from Ref. 140 with permissions.  
 
Because of the extraordinary electronic properties and great tunability, graphene is 
regarded as a competitive candidate for many applications, such as absorbers,140 
nanoantennas151,157,158 and waveguides.125,150,159 To further improve the performance of graphene-
based devices, besides manipulation on graphene itself like gating and patterning, the 
hybridization of graphene and other conventional plasmonic nanostructures or metamaterials is a 
promising direction. Such scenarios may generate a wide range of tunable optical devices at 
terahertz and infrared frequencies. For instance,  Lee et al. recently demonstrated a tunable THz 
metamaterial by integrating metallic meta-atoms with a gated graphene sheet.140,160 The 
schematic plot and optical micrograph of the fully integrated structure are shown in Figures 9A 
and 9B, respectively. To fabricate the sample, a graphene sheet grown by a chemical vapor 
deposition (CVD) process is transferred onto a hexagonal meta-atom layer and connected to a 
grounded electrode. Thin metallic wire arrays are attached to both sides of the hybrid 
metamaterial as top and bottom electrode, which are designed to provide gate voltage while 
allowing light to transmit. The polarization of the incident terahertz wave should be 
perpendicular to the line electrodes in order to induce the extraordinary optical transmission 
(EOT).161,162 Here the meta-atom layer plays a key role to enhance the electronic and optical 
properties of graphene by its strong resonance. The gate-controlled light-matter interaction can 
be interpreted as follows from two aspects: On one hand, the amplitude of on-resonance 
transmission increases with increasing gate voltage, as the graphene layer becomes more 
conductive and suppress the intrinsic resonance of hexagonal meta-atoms. On the other hand, the 
off-resonance transmission acts in the reverse trend due to the gate-induced broadband 
absorption in graphene layer, which is dominated by the contribution of intra-band transitions 
and thus cannot be reduced for larger gate voltage. Terahertz time-domain spectroscopy (THz-
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TDS)163 measurement reveals exceptional performance of the device. The amplitude of the 
transmitted wave is modulated up to 47% at the maximum gate voltage and system resonance 
frequency, as shown in Figure 9C. This result far exceeds the value of ~30% achieved by 
metamaterial-semiconductor hybrid structures.140 The functionality of phase modulation is 
relatively straightforward considering the resonant nature of the meta-atoms. The maximum 
phase change is measured to be 32.2° at 0.65 THz (Figure 9D). Further improvement of both 
amplitude and phase modulation can be achieved when multilayers of graphene, instead of the 
single sheet, are integrated with metamaterials. The property of such hybridized graphene 
metamaterials strongly relies on the gate voltage. As seen from Figure 9E, the on-resonance 
intensity transmission, reflection, and absorption traces exhibit three distinct scaling regimes 
from left to right, which correspond to the weak, linear, and sublinear dependence of the Fermi 
level on the voltage 
1/21/2
CNP gΔ =V V V  (where VCNP and Vg are the voltage of charge neutral 
point and gate voltage, respectively), because of the conductivity variation of the graphene layer. 
Interestingly, this active graphene metamaterial also exhibits gate-controlled optical hysteresis 
that can be applied to develop electrically controlled photonic memories. The design of the active 
metamaterials could be diverse since the richness of the meta-atoms. In addition to tunable 
metamaterials, several groups have reported tunable plasmonics by graphene. The gate-
dependent dielectric properties of graphene enable the modulation of plasmon resonance 
frequency and quality factor. Successful demonstrations have been observed on nanoparticles,164 
nanorods,165,166 and bowtie resonators,167 etc., all of which are common building blocks to 
construct plasmonic devices.  
The combination of graphene physics and plasmonics generates a versatile new platform 
for applications in the terahertz and optical regime. By maintaining the advantages of 
conventional plasmons, graphene-based devices are able to improve the performance of 
nanoantennas, broadband absorbers, and bio-/chemical sensors; while by keeping the ultra-thin 
and highly tunable properties, they also have the potential to be used as building blocks of new 
emerging materials, such as hybrid metamaterials and metasurfaces. Along with the deeper 
insight of graphene plasmonics, we expect this branch of nanomaterials to bear more 
groundbreaking results.  
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5. Plasmonic Metamaterials for Biosensing 
As discussed in the introduction, SPPs exhibit unique features of tight field confinement 
and strong field enhancement. They are very sensitive to the changes of refractive index of the 
dielectric media in the vicinity of metal structures. Taking advantage of these properties, one can 
design miscellaneous structures for sensing purposes,22,168-172 through which observable changes 
of corresponding quantities, such as a shift in resonance,173-175 a variation in field intensity,155,176 
or an offset in angle,77,177 are expected. Therefore, SPPs not only provide a label-free, real-time 
access to probe biological components at nanoscales, but also lead to an extremely high 
resolution. Both propagating and localized SPPs have been applied for biochemical or 
biomedical applications. They each have unique advantages while facing their own problems.173 
For approaches based on propagating SPPs, a detection sensitivity exceeding 10–5 refractive 
index units (RIU) has been achieved. However, this target is still challenging for analytes with 
very small size or selective nano-architectures. As to localized SPPs, by altering the size, shape, 
and chemical components of the plasmonic structures, a device of this kind owns great tunability 
and adaptability whereas suffers a sensitivity of at least one order of magnitude lower.  
Plasmonic metamaterials hold new promise for biosensing with unprecedented sensitivity 
and specificity. On one hand, it inherits the feature of metamaterials that the operation frequency 
can be widely tuned to bind the characteristic vibrations of biomolecules, and the spectral line 
shape can be engineered to be very sharp to obtain higher sensitivity.176 On the other hand, the 
plasmonic nanostructures serve as building blocks to keep the merit in adaptability, ensuring that 
the device satisfies the selective requirements in different applications. In this section, we briefly 
review recent advances in biosensing based on plasmonic metamaterials in four schemes, i.e., 
using Fano resonance, nanorod structures, metasurfaces, and chiral fields, respectively. From the 
limited space, we are not able to discuss other sensing approaches. Interested readers can refer to 
several latest pieces of work and reviews on these topics.178-182  
 
5.1 Fano Resonance in Plasmonic Metamaterials  
One recent research interest in plasmonic matamaterials is the Fano resonance.176,182-185 
Fano resonance is named after the Italian physicist Ugo Fano, who first suggested the theoretical 
explanation for the asymmetric scattering line shape of the inelastic scattering of electrons of 
helium.186 Only until the recent decade was Fano resonance demonstrated in other systems. The 
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origin of Fano resonance arises from the interference between a discrete narrow state and a wide 
continuum regardless of the nature of the system. Optical systems consisting of plasmonic 
nanostructures can be designed to achieve Fano-like spectral responses, which are suitable 
candidates for sensing, switching,187,188 and lasing applications,189 etc.  
 
Figure 10   (A) and (B) Fano resonance in the differential scattering spectra of a plasmonic nanoparticle. (A) 
Spectra of radar back scattering (RBS) and forward scattering (FS) that exhibit Fano-like asymmetric line 
shape. The angular dependence of scattering patterns at two frequencies in the vicinity of the quadrupolar 
resonance changes dramatically, with orientation from backward (red) to forward (blue). In the scattering 
diagram insets of (B), the closed curves in red and blue represent linearly polarized and non-polarized 
incidence, respectively. (C) and (D) Fano resonances in nonconcentric ring/disk cavities with (C) partial and 
(D) complete filling of dielectrics with permittivity 1 (black solid), 1.5 (blue dashed), and 3 (red dotted). (A) 
and (B) are adopted from Ref. 184, and (C) and (D) are adopted from Ref. 191 with permissions.  
 
Fano resonance exists in a variety of plasmonic structures and metamaterials. For 
example, it can occur through the light scattering from a metallic nanoparticle.184,190 According 
to Mie theory, the scattering amplitudes of a nanoparticle involve multipolar resonant terms for 
both electric and magnetic responses, which correspond to different localized SPP modes. As the 
fundamental mode, the electric dipolar resonance is broadband and always the dominant term at 
low frequencies. However, higher-order modes, originating from the quadrupole, octupole, and 
so forth, become significant when the frequency increases. These high-order resonances are 
narrowband, thus satisfying the condition of Fano resonance when they are coupled to the 
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dipolar mode. Figure 10A plots the forward and backward scattering diagrams of a plasmonic 
nanoparticle, which show distinctly different features for the first two eigenmodes. The radius of 
the nanoparticle a is much smaller than the wavelength at dipolar resonance  (a/ = 0.083), which 
ensures that the magnetic resonances are negligible and only the electric resonances need to be considered. 
Constructive and destructive interference occurs near the quadrupolar resonance, rendering the 
line shape of the spectrum a typical, sharp asymmetric Fano profile. Further connection to 
biosensing is straightforward.182 The scattered field intensity in the vicinity of the quadrupolar 
resonance changes so dramatically that even a slight detuning of frequency will induce 
astonishing transformation in the scattering patterns, as shown in Figure 10B. This sensitivity is 
highly desirable in sensing situations to probe the tiny refractive index change.  
In coupled nanostructures, Fano resonance is observable from the scattering spectra as 
long as the size of the system is appropriate. For a single nanoparticle, interference occurs 
between the “bright” dipole and “dark” higher order multipoles of the particle itself. Herein by 
contrast, each metal-dielectric interface supports a set of resonances, and both superradiant 
(bright) and subradiant (dark) states originate from the complex coupling of them, with 
individual plasmons oscillating in phase and out of phase, respectively. Normally the dipole-
dipole coupling dominates the response of symmetric structures such as a nanoshell. However, to 
achieve Fano resonance for larger field enhancement and better spectral tunability, one needs to 
break the symmetry exciting higher-order multipolar modes.23,191-197 A representative example191 
is shown in Figures 10C and 10D, where the extinction spectra for normal incidence are 
calculated for nonconcentric ring/disk cavities with partial and complete filling of different 
dielectric insertions, respectively. For each curve, results of charge density calculation reveal that 
the narrow resonance at long wavelength is due to the anti-symmetric alignment of the dipolar 
modes in the disk and ring, while the Fano profile around 1500 nm comes from the interaction 
between the quadrupolar ring mode and the broadband dipolar disk mode. Both spectra exhibit 
noticeable red-shifts sensitive to the dielectric permittivity increase, and further comparison 
proves the Fano resonance in the complete filling cavity provides the largest figure of merit for 
sensing. Such nanocavities are highly tunable in design, involving various planar configurations 
such as ring/disk dimmers,191 asymmetric split rings,193 and dolmen-style slabs.194 In particular, 
the latter gives a sharp resonance and is often used in plasmon induced transparency,23 a 
plasmonic analogue of the electromagnetically induced transparency (EIT) in atomic 
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physics.195,196  
 
Figure 11   Biosensing based on Fano-resonant asymmetric metamaterials. (A) Charge density plots of 
the superradiant ( D ) and subradiant ( Q ) modes coupled to infrared incidence. (B) Schematic diagram of 
proteins binding to metal surface and the equivalent dielectric model. (C) Experimental spectra before (dashed) 
and after (solid) binding of IgG antibodies to three different FRAMM substrates (indicated by different colors) 
with immobilized protein A/G. Figures are adopted from Ref. 176 with permission.  
 
Combining the advantages of sharp spectral response, large field enhancement, and 
tunable frequency of operation at infrared, Fano resonance in plasmonic metamaterials is a 
promising approach for biosensing applications. For instance, Wu et al. successfully 
demonstrated Fano-resonant asymmetric metamaterials for multispectral biosensing of 
nanometer-scale monolayers of recognition proteins and their surface orientation.176 As shown in 
Figure 11, similar to the dolmen-style slabs, the FRAMM consists of three nanobar antennas, of 
which two are parallel and identical, and the third is perpendicularly attached to one of them 
serving as a symmetry-breaking coupler. The super- and sub-radiant modes contributing to the 
Fano interference arise from the parallel (in phase) and anti-parallel (out of phase) charge 
oscillations in the two identical branches (Figure 11A). In measurements, when protein 
nanolayers are immobilized on the surface of the FRAMM, the optical effect of each monolayer 
is equivalent to a dielectric film of the same thickness, which induces a spectral shift and 
intensity difference in the reflectivity spectrum with a unique fingerprint. The topmost protein 
monolayer can be detected and characterized by measuring the difference of reflectivity between 
substrates before and after the bonding process. Thereby in principle, a structure-specific 
biosensing can always be accomplished by using the FRAMM substrate with recognition protein 
immobilized on its surface. Figure 11B illustrates the sensing concept schematically. A 
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monolayer of protein A/G is immobilized on the surface of the FRAMM substrate as recognition 
moiety, and IgG antibodies are the target molecules to bond to the protein A/G. Comparisons of 
the experimental spectra before and after bonding of IgG are shown in Figure 11C with dashed 
and solid curves respectively. For all the three FRAMMs with different resonant peaks, which 
are tuned either away from or precisely matching with the eigenfrequency of a biomolecule’s 
vibrational modes, the bonding of IgG changes reflectivity in evidently detectable amplitude. 
Highly specific information including the thickness and orientation of the bonding biomolecules 
can be derived with nanometer-scale accuracy from the measured results at different resonances.  
 
5.2 Nanorod Metamaterials  
In terms of biosensing using localized SPPs, various nanoparticle shapes like spheres, 
rings, ellipsoids, and rods are adopted. Among these candidates, nanorods, which possess 
relatively high sensitivity on refractive index changes and geometrical tunability, have been 
investigated most intensively.198 Figure 12A shows the basic schematic of a nanorod-based 
immunoassay.199 The nanorods are fixed on a glass substrate and coated with self-assembled 
monolayers (SAMs). The individual nanorod is about 15 nm in diameter and 50 nm long. To 
perform sensing, capture antibodies are pre-coupled to the SAMs, and specific antigens in the 
analyte solution will bind to them during the measurement. The extinction peak responds to this 
reaction with a spectral shift, which is relevant to the concentration of the target analyte and can 
be monitored via real-time analysis, as shown in Figure 12B. According to the tested results, this 
design yields a detection sensitivity of 170 nm per RIU and an FOM of 1.3.  
Plasmonic metamaterials made of an array of nanorods can introduce new modes to serve 
as the performer of detection,200 which are expected to overcome the sensitivity limit of sensors 
based on localized SPPs and provide better adaptability. Recently, Kabashin et al. demonstrated a 
neat prototype by using an assembly of parallel Au nanorods (Figure 12C),173 which are 
electrochemically grown in a porous, anodized alumina template. The structural parameters are 
highly tunable during fabrication, with rod lengths ranging from 20 to 700 nm, diameters from 
10 to 50 nm, and separations from 40 to 70 nm, respectively. From the viewpoint of 
metamaterials, this subwavelength nanorod array behaves as a bulk material with unusual 
hyperbolic dispersion relation, whose permittivity tensor contains a negative component along 
the long axis of nanorods and positive components along the short axis. With this unique feature, 
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although the field distribution in the porous layer is determined by plasmon-mediated interaction 
between nanorods, the whole structure supports a guided photonic mode at near-infrared. The 
excitation condition of this guided mode is similar to excite SPPs on a metal film, that is, TM 
polarization and attenuated total reflection (ATR). For isolated nanorods with a sufficiently large 
separation distance, the near-field coupling is negligible and usually it is the localized SPPs 
dominate the response. On the other hand, the guided mode arising from the collective plasmonic 
response in the nanorod metamaterial is able to reach an extremely high sensitivity of 32000 nm 
per RIU and a FOM of 330, far exceeding those of sensors based on localized SPPs, and even 
propagating SPPs.  
 
Figure 12   (A) Nanorod-based immunoassay and (B) the test of sensing sensitivity. The curve in (B) 
represents the trend of extinction peak drift versus time, with the slope proportional to analyte concentration. 
The inset shows linear fits to the binding curve when the analyte concentration is raised from 100 pM to 1 nM 
and then 10 nM. (C) Schematic and (D) real-time response of the plasmonic nanorod metamaterial for sensing 
experiments. The binding of biotin-streptavidin causes an immediate increase of wavelength shift until its 
saturation. In comparison, the removal of unbound and weakly attached biotin by injecting PBS buffer leads to 
a rapid decrease of shift. (A) and (B) are adopted from Ref. 199, and (C) and (D) are adopted from Ref. 173 
with permissions.  
 
Another intrinsic advantage of the nanorod metamaterial-based sensor is its porous 
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texture, which not only tremendously increases the surface area for reaction, but also helps to 
achieve a large probing depth. Figure 12C displays the schematic of the flow cell, where the inset 
shows the field profile of the guided mode in cross-section. The nanorods are preliminarily 
immobilized with streptavidin molecules for functionalization. In the experiment, PBS buffer 
solution and biotin of different concentrations are pumped through the nanorod array (green wide 
arrows) and reflectivity is measured below the substrate with the ATR configuration. Figure 12D 
shows the real-time response of such a sensor to the reaction of biotin-streptavidin binding. 
Considering the small molecular weight of biotin, the fast and large resonant dip shift after the 
analyte injection is truly remarkable. This strongly indicates the power of the guided mode of 
nanorod metamaterials for biosensing. Noticeably, modern technique of nanofabrication is 
mature in processing nanorod/wire structures, which allows them to be integrated into complex 
systems for different applications and requirements.  
 
5.3 Plasmonic Metasurfaces  
The metasurface discussed in Section 3 could also open a new route for biosensing 
designs. Although SPPs are best known for their tremendous local field enhancement, the 
absolute reading of intensity variations has some intrinsic limitations in satisfying the high 
precision requirement of quantitative analysis. In practice, normally a spectral shift in resonance 
is more preferred as a metric parameter. Owing to the ability of causing anomalous reflection and 
refraction, the plasmonic metasurface can translate tiny refractive index changes at local 
positions into measurable offsets in the angle of the reflected or refracted beam.77 In this way, 
one can produce ultrasensitive biosensors relying on the angle offset as schematically illustrated 
in Figure 13A.  
 
Figure 13   Biosensing with plasmonic metasurface. (A) Analyte-adsorbed metasurface exhibits offsets in the 
angles of anomalous reflection and refraction, which is subject to the local index change. (B) Schematic of 
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biosensing using a singular-phase nanodot array. (C) Evolution of ellipsometric parameters as biomolecules 
bind to the functionalized nanodots. The bonding of streptavidin to functionalized Au dots causes a quick 
change in the phase of reflected light at = 710 nm and an incidence angle of 53°. (A) is adopted from Ref. 77, 
and (B) and (C) are adopted from Ref. 177 with permissions.  
 
Another measurable parameter that has been adopted in biochemical or biomedical 
detection is the phase of light. Specifically, it is the so-called “singular phase”,177 which refers to 
the extremely fast phase changes where the intensity of light becomes very close to zero. The 
corresponding detection can be realized with the help of plasmonic metasurfaces by measuring 
the reflected light beams. As it is demonstrated that the point of zero reflection exists in a variety 
of periodic nanostructures with only slightly different wavelengths, the design of the unit cells is 
flexible and not sensitive to their topologies. Figure 13B illustrates the schematic of biosensing 
based on a plasmonic double-nanodot array on a glass substrate. The array constant a = 320 nm, 
average size of the dots d = 135 nm, and dot separation of the pairs s = 140 nm. To perform 
measurements, biotin is attached to the functionalized nanodots, which are represented by the 
dark green triangles and golden truncated cones respectively. The metasurface is exposed to 
streptavidin solutions, in which the target biomolecules are denoted by the red piechart-like disks. 
Light illuminates the array in the ATR geometry, and localized SPPs of the nanodots are coupled 
by the diffracted wave propagating along the surface, as shown by the red arrow. By tuning the 
wavelength and angle of incidence, the point of zero reflection can be achieved because of the 
“topological protection”. Phase cannot be defined at the point of such complete darkness. 
However, at wavelengths close to this critical point, where the field intensity is still very small, 
sharp phase changes can be observed from the ellipsometric spectra. The experimental result for 
the setup in Figure 13B is reported in Figure 13C. The evolution of ellipsometric parameters, 
namely the amplitude   and phase   are plotted by the blue and red curves respectively. The 
attachment of streptavidin molecules to nanodots causes a steep drop of phase by ~25° within 2 
min, which is much larger than the amplitude of the intensity change, promising an ultrasensitive 
real-time biomolecular recognition technique.  
 
5.4 Chiral Fields  
Chiral metamaterials are another important branch of metamaterials, which are normally 
37 
 
constructed from chiral elements, such as 3D metallic helices10 and 2D gammadion unit cells201 
and spirals.202 The unique structure of chiral metamaterials leads to a series of interesting 
phenomena with high chirality, for example, generating superchiral electromagnetic fields.203 
This characteristic provides a direct connection to bio-applications. It is well known that many 
building blocks of life comprise chiral molecular units, including amino acids and sugars. The 
biomacromolecules formed from these units inherit and exhibit chirality at the molecular and 
supramolecular level. Superchiral fields can offer a strong interaction with chiral materials with 
one or two orders of magnitude larger than that of circularly polarized waves used in traditional 
chiroptical methods. Hence, progress in chiral metamaterials may pave an avenue to 
ultrasensitive characterization of chiral molecules, which is beyond the conventional detection 
techniques such as circular dichroism (CD), optical rotatory dispersion and Raman optical 
activity.  
 
Figure 14   Superchiral fields-based biosensing. (A) CD spectra of RH/LH PCMs. The curves for RH and LH 
gammadions are mirror images of each other due to their opposite chirality. (B) Average resonance shifts and 
(C) difference of resonance shifts between RH and LH PCMs on adsorption of chiral biomolecular layers. (D) 
Haemoglobin (top) and β-lactoglobulin (bottom) molecules adopt different geometries upon adsorption due to 
their different secondary structures (α-helix, cyan cylinders; β-sheet, ribbons). Figures are adopted from Ref. 
174 with permissions.  
 
An experimental study based on planar chiral metamaterials (PCMs) has been reported in 
Ref. 174, which employs left- and right-handed (LH/RH) gold gammadion arrays working at 
visible and near-infrared frequencies. The gammadion units can induce local field enhancement 
that is always desired for achieving larger interaction with biomolecules and better sensitivity to 
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dielectric environment changes. Three resonant modes in the gold gammadion arrays are 
observed from the CD spectra in Figure 14A. In addition, the excited localized SPPs in LH/RH 
gammadions behave differently and are coupled between branches to create strong field chirality. 
This character is also reflected in the plot. As one can see from Figure 14A, the spectrum of the 
LH gammadions is a perfect mirror image of that of the RH ones, implying a reversal of chirality 
of the generated field. When a biomacromolecule layer is adsorbed to the surface of PCMs, the 
property of the resonance shifts induced by refractive index change is determined by the chirality 
of the molecules and that of the fields. For an achiral adsorption such as ethanol, almost no shift 
is observed according to the first line in Figures 14B and 14C, where the scales of the bars are 
defined as the average and difference of the chiral resonance shifts in RH and LH PCMs, 
respectively. In sharp contrast, the behaviors of these two parameters are found to be quite 
different for chiral molecular layers. Specifically, large dissymmetry is observed in the difference 
of shifts on adsorption of tryptophan (negative) and β-sheet proteins (positive), whereas the 
average shifts are larger for α-helical proteins. A special case is the heat-treated β-lactoglobulin. 
With the loss of β-structure at high temperature, the dissymmetry parameter exhibits a dramatic 
drop. The measurement results also provide indirect information about the geometry of the chiral 
molecules, which can be used to explain the different symmetric properties of the difference of 
resonance shifts. As can be seen in Figure 14D, biomacromolecules rich in α-helices (denoted by 
cyan cylinders) are more isotropically distributed at the interface with a relatively larger 
thickness, while the β-sheet proteins (represented by ribbons) result in anisotropic aggregation in 
lateral directions but a thinner structure along the surface normal. It was previously revealed that 
the largest contributions of chiroptical phenomena come from the interactions of the electric 
dipolar-magnetic dipolar and the electric dipolar-electric quadrupolar excitations of molecules. 
The dipolar contributions always take effect in different media, but the quadrupolar contributions 
average to zero in isotropic materials.204 As a result, when superchiral field is generated around 
the PCMs, the steep local field gradients can dramatically enhance the dipole-quadrupole 
interactions over the dipole-dipole ones in β-sheet structures, leading to the large dissymmetries 
as in Figure 14C. Compared with schemes introduced in previous sections, a noticeable 
difference here is the measurement process only relies on the RH and LH PCMs but does not 
need any recognition protein, which could lead to a feasible technique in ultrasensitive bio-
assaying.  
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6. Self-assembled Plasmonic Metamaterials 
So far, various top-down fabrication methods, such as electron beam lithography, focused 
ion beam milling, direct laser writing and nanoimprint lithography, have been applied to 
fabricate plasmonic and metamaterial structures. Both planar and 3D geometries with feature 
size of sub-100 nm can be reliably realized with high yield. However, it still remains challenging 
to achieve the spatial resolution smaller than 10 nm in well-defined architectures based on top-
down processing. Meanwhile, the non-parallel procedures in top-down fabrications generally 
lead to long fabrication time. In comparison, self-assembly approach promises low cost, high 
efficiency, precise structural control at truly nanometer scale, as well as sophisticated 
hierarchical structures with multifunction. Significant progress has been achieved in self-
assembled plasmonic metamaterials in the past several years.  
 
Figure 15   Toolbox of metallic nanoparticles in different shapes, dimensionality and geometries, which serve 
as building blocks to self-assemble plasmonic metamaterials. The geometric order of the nanoparticles 
gradually increases from left to right in each row in terms of aspect ratios, number of sides, facets, or branches. 
Figure is adopted from Ref. 205 with permission.  
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The study of nanoscale self-assembly of metallic nanoparticles started more than two 
decades ago. Nowadays, high-quality metallic nanostructures with a variety of shapes (such as 
sphere, rod, cube, plate, pyramid, star, cage, core-shell, etc.) can be routinely achieved in 
laboratory through optimized wet chemical synthesis techniques. As shown in Figure 15, the 
geometry, facet or even inner structure of the nanoparticles could be rationally controlled, 
providing a complete, ingenious toolbox to construct complex metamaterials.205 The interactions 
between nanoparticles, in addition to their size and shapes, play an important role in the resulting 
self-assembled geometry. These interactions include van der Waals forces, electrostatic forces, 
capillary forces, and molecular surface forces after decorating the surface of nanoparticles with 
various chemical functionalities.206,207 The magnitude and direction (i.e., attractive or repulsive) 
of these forces, as well as their working distances (i.e., long range or short range) are distinctly 
different. The intricate balance of these interactions gives rise to the spontaneous organization of 
nanoparticles into a relative stable structure at a thermodynamic equilibrium state, where the 
Gibbs free energy of the entire system is minimum. It should be noted that the interparticle 
forces at the nanoscale are still not fully understood, although we have achieved considerable 
advances in the area of self-assembly.  
In 2010, Capasso’s group reported that self-assembled clusters of metal-dielectric core-
shell structures exhibit pronounced electric, magnetic and Fano resonances, which can be readily 
tuned by adjusting the number and position of particles in the cluster.208 The resonances of the 
clusters are attributed to the strong near-field coupling between closely spaced particles, which 
can be described by plasmon hybridization.209,210 The building block of the clusters is gold-silica 
nano core-shell structures with tunable electric dipole resonance controlled by the core-shell 
aspect ratio. The spherical geometry supports orientation-independent coupling, ideal for 
constructing highly symmetric or isotropic metamaterials.  Polymers with thiolated linkers in 
aqueous solutions are used to form monolayers on the surface of the core-shell nanoparticles. 
The polymer composition and chain length can be selected, leading to controllable gap size and 
optical coupling between nanoparticles. Finally, the polymer-coated nanoshells are assembled 
into clusters by slowly drying a droplet of the core-shell nanoparticles on a hydrophobic 
substrate (Figure 16A). Dark-field spectroscopy is applied to measure the intriguing optical 
properties of individual nanoshell clusters. For instance, a trimer, consisting of three core-shell 
nanoparticles, supports a magnetic dipole mode that originates from the induced in-plane current 
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loop. In the experiment, a cross-polarizer is used with s-polarized incident light to filter out the 
scattered electric dipole radiation. This scheme is particularly useful for detecting the magnetic 
dipole mode that can be obscured by the broad electric dipole peak in scattering spectra. As 
shown in Figure 16B, the peak around 1400 nm corresponds to the magnetic dipole mode. The 
magnetic dipole mode exhibits a sharper spectral width and a red shift in comparison to the 
electric dipole mode, in good agreement with the simulation result. A 3D tetrahedral cluster can 
support isotropic magnetic resonances. Furthermore, Fano resonance is observed in a heptamer 
plasmonic cluster that is composed of seven identical elements. The overall dipole moment of 
the outer hexagon is similar in magnitude but opposite in sign with respect to the dipole moment 
of the central core-shell nanoparticle, leading to strong destructive interference of their radiating 
fields and the asymmetric line shape.  
 
Figure 16   (A)  Schematic illustration showing the procedures to assemble plasmonic clusters. (B) Scattering 
spectrum of a plasmonic trimer using cross-polarization method. The spectrum exhibits a clearly visible 
magnetic dipole resonance peak. The inset is the SEM image of the plasmonic trimer. (C) Schematic 
illustration showing DNA-guided self-assembly of plasmonic nanohelices. Left- and right-handed nanohelices 
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(diameter 34 nm, helical pitch 57 nm) are formed by nine gold nanoparticles each of diameter 10 nm that are 
attached to the surface of the DNA origami 24-helix bundles. (D) Experimental (top panel) and theoretical 
(bottom panel) circular dichroism spectra of the self-assembled gold nanohelices. The spectra of left-handed 
(red lines) and right-handed (blue lines) helices of nine gold nanoparticles show characteristic bisignate 
signatures. (A) and (B) are adopted from Ref. 208, and (C) and (D) are adopted from Ref. 217 with 
permissions, respectively.  
 
DNA-guided assembly is an alternative, viable method for controllable arrangement of 
nanoparticles of different size and composition.205 The unique and specific Watson-Crick base 
pairing of DNA, that is, adenine-thymine (A-T) and guanine-cytosine (G-C), offers 
systematically and precisely programmable hydrogen bonding. The length and the mechanical 
strength of DNA strands can be finely and widely tuned over a large range. All of these merits 
enable DNA as a superior interface to regulate the interactions between nanoparticles, and 
produce desired self-assembly hierarchy with judicious structural and sequence design. The 
recently developed DNA-origami technique even allows pattern designs in almost arbitrary 
manner.211 The key is to use specific short single-stranded DNA as “staple” to direct the folding 
of a long single strand into the desired shape.  
Utilizing DNA as a ligand through monofunctionalization and anisotropic 
functionalization, a vast assortment of plasmonic molecules and crystals has been realized. For 
example, the seminal work has shown that single-stranded DNA (ssDNA) can be attached to 
gold nanoparticles via a thiol linker, and subsequently nanoparticles are assembled by the 
hybridization of the DNA into a double helix.212,213 A double-stranded DNA pyramidal scaffold 
is capable of controlling the position and arrangement of gold nanoparticles, resulting in discrete, 
tetrahedral nanostructures.214 Such a tetrahedral plasmonic “molecule” exhibits strong chiral 
optical properties. Anisotropic functionalization provides another route to generate a diverse 
selection of discrete plasmonic molecules, in which the size and composition of individual 
nanoparticles could be varied.215,216 DNA origami probably represents the ultimate solution for 
programmable and nanometer-precise design of plasmonic metamaterials. Using this technique, 
Kuzyk and co-workers fabricated chiral plasmonic nanostructures showing strong circular 
dichroism at visible wavelength.217 Figure 16C is the schematic illustration of the design. Left- 
and right-handed nanohelices (helical pitch 57 nm) are formed by attaching nine gold 
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nanoparticles (diameter 10 nm) to the surface of DNA origami 24-helix bundles (diameter 16 
nm). Each of the nine attachment sites consists of three single-stranded extensions of staple 
oligonucleotides. Gold nanoparticles are coated with multiple thiol-modified DNA strands, 
which are complementary to these staple extensions. The mixture of gold nanoparticles and 24-
helix bundles will hence result in the designed plasmonic helical structures. Due to their intrinsic 
geometric handness, left-handed and right-handed helices respond to left-circularly and right-
circularly polarized light differently. The CD spectra, i.e., the differential absorption of left-
/right-circularly polarized light, are plotted in Figure 16D. The characteristic bisignate peak-dip 
line shapes, which are vertically mirrored for the two helical structures, agree well with 
theoretical calculations in terms of the spectral wavelength and signal strength. The CD signal 
can be further enhanced when nanoparticles are larger or arranged in a smaller helical pitch.  
 
Figure 17   (A-D) SEM micrographs of layer-by-layer assembled 3D supercrystals made of Au nanoparticles 
(diameter 6 nm). (A) SEM micrographs of an Au nanoparticle supercrystal with 10 monolayers over a large 
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area. (B-D) High-resolution cross-sectional SEM micrographs of Au nanoparticle supercrystals of 10, 20 and 
30 monolayers, respectively. (E) TEM image of an AB-type binary superlattice monolayer self-assembled 
from 16.5 nm Fe3O4 and 6.4 nm Au nanoparticles. The upper left inset shows a photograph of a SiO2/Si wafer 
coated with such a superlattice, and the upper right inset shows the small-angle electron diffraction pattern. (F) 
High-magnification TEM image of the monolayer in (E). (G-I) Self-assembled Ag octahedra with a previously 
unknown lattice in the presence of excess PVP. (G) SEM micrograph showing the new octahedron supercrystal. 
The lattice consists of tetramer motifs (H) and forms spontaneously in Monte Carlo simulations of octahedra 
with depletion attractions (I). (A-D) are adopted from Ref. 222, (E) and (F) are adopted from Ref. 226, and (G-
I) are adopted from Ref. 228 with permissions.  
 
In terms of large-area self-assembled plasmonic metamaterials, different approaches have 
been proposed and demonstrated.218-221 For example, Gwo’s group reported a simple method for 
synthesizing 3D plasmonic crystals over an area >1 cm2 consisting of gold and silver 
nanoparticles (Figures 17A-17D).222 In their experiments, Janus nanoparticles, which have 
solvent-phobic top surface and solvent-philic bottom surface, form close-packed monolayers 
based on layer-by-layer (LbL) assembly from suspensions of thiolate-passivated gold or silver 
colloids. Such plasmonic crystals exhibit strong transverse (intra-layer) and longitudinal (inter-
layer) near-filed coupling. Furthermore, large-area superlattices with two or three types of 
nanostructures promise a new route for designing metamaterials with rationally tunable 
properties by adjusting the chemical composition, size, and stoichiometry of the 
constituents.223,224 Dong et al. recently demonstrated the self-assembly and transfer of 
macroscopic, long-range-ordered supperlattices made of binary, or trinary nanocrystals using the 
liquid air interfacial assembly approach (Figures 17E and 17F).225,226 New synthetic methods 
result in monodisperse Ag nanocrystals with well defined polyhedral shapes, including cubes, 
truncated cubes, cuboctahedra, octahedra and truncated octahedra.227 The particle shape provides 
an additional handle to twist the structure of assembled patterns, when the polyhedra are self-
assembled into long-range ordered superstructures. In one experiment, monodisperse Ag 
polyhedra, coated with polyvinylpyrrolidone (PVP), assemble into large, dense supercrystals by 
gravitational sedimentation.228 Unlike cubes and truncated octahedra, octahedra in their densest 
lattice packing show only incomplete face-to-face contact, and the equivalent faces of 
neighbouring octahedra either do not lie in a common plane. Unadsorbed PVP polymer in 
solution will induce attractions between particles, leading to new structures that are not governed 
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solely by packing efficiency of hard shapes. As shown in Figures 17G and 17H, a lattice of 
octahedra with intriguing helical motifs is generated, if extra PVP is added to the solution 
immediately before sedimentation. Higher amounts of PVP result in less Minkowski lattice and 
more helical lattice. This characteristic is confirmed by Monte Carlo simulation (Figure 17I). 
The large degree of face-to-face contact in the latter reflects significant attractive forces.  
 
7. Conclusion and Outlook 
We have seen rapid growth in the field of plasmonic metamaterials, and it will 
continuously advance. The integration of plasmonics and metamaterials results in several 
benefits, rendering plasmonic metamaterials a promising platform to explore complex optical 
effects and new applications. First, the large local field enhancement leads to stronger light-
matter interaction, through which many weak processes can be enhanced and effectively utilized. 
Second, the tight field confinement and ultrafast optical process enable the construction of 
miniaturized devices, working either as the bridge of photonic and electronic components, or 
even all-optical photonic circuits. Third, the spectra of plasmonic metamaterials are highly 
tunable by altering the responses of individual constituents and their coupling. This is highly 
desirable in almost all the practical situations. Owing to these attractive features, plasmonic 
metamaterials are expected to extend to a much broader horizon beyond what we have discussed 
in this review article. We think that the following areas are still largely unexplored, and worth to 
devote special efforts.  
(1) The first one is nonlinear optics in plasmonic metamaterials. The large local field 
can provide strongly enhanced nonlinear processes, if we embed nonlinear materials into 
plasmonic nanostructures. In addition, the metal itself has high intrinsic nonlinearity, which can 
be further amplified by texturing the metal surface. An enhancement of four orders of magnitude 
in conversion efficiency for optical second-harmonic generation has been experimentally 
demonstrated in a periodically nanostructured metal structure.229 Very recently, up to the 43rd 
harmonic generation of ultrashort extreme-ultraviolet pulses have been achieved by means of the 
plasmonic field enhancement.230,231 It is shown that the strong magnetic resonance, whose 
contribution is normally ignored, could substantially modify the nonlinear optical process.232,233 
In terms of negative refraction, an alternative approach based on phase conjugation from a thin 
nonlinear film has been proposed.234,235 Such a scheme was experimentally demonstrated in the 
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microwave region,236 and at optical frequencies using four-wave mixing in nanostructured metal 
films237 and graphite thin films,238 respectively. Other intriguing nonlinear phenomena, such as 
unusual phase matching239,240 and solitary wave propagation241,242 are worth for experimental 
exploration. All of these exciting phenomena and developments promise tunable metamaterials, 
ultrafast switching and optical modulation.243-246  
(2) There is an explosively growing interest in expanding the properties of 
plasmonics and metamaterials towards the quantum regime, and studying how plasmonics and 
metamaterials can mediate light-matter interaction with new functionalities at the nanoscale.247 
For example, researchers have demonstrated the survival of photon entanglement in plasmonic 
systems,248 the blue shift and line-width broadening of the plasmon resonance due to the 
quantum size effect,249,250 and electron tunneling between two nanoparticles with a separation 
distance less than 1 nm.251,252 New theories based on the non-locality253,254 and the quantum-
corrected model255 have also been developed to study the plasmonic field enhancement at such 
extremely small scales. In addition, the large photonic density of states in hyperbolic 
metamaterials is able to increase the interaction with the quantum emitter while simultaneously 
channeling the light into a subdiffraction single-photon resonance cone.256 The research outcome 
in the new frontier of quantum plasmonics and quantum metamaterials will considerably advance 
our understanding of the fundamental physics associated with SPPs and metamaterials, and 
facilitate the development of novel quantum photonic and electronic components,257-261 including 
single-photon sources, nanoscale lasers, transistors, and detectors.  
(3) Dynamically reconfigurable plasmonic metamaterials is also a valuable subject to 
explore. Although the modulation of subwavelength features at optical regime is challenging, 
significant advancement has been achieved to overcome this obstacle. The usage of graphene, 
phase-change media,262,263 liquid metals264 or liquid crystals265,266 provides possible solutions 
from the material aspect, and electrical modulation of structural patterns267 and MEMS268,269 
solves the problem from the structure aspect. In particular, plasmonic metamaterials operating in 
the fluidic environment may realize the ultimate reconfigurability and multiple functionalities. 
Very recently, laser-induced surface bubbles are used to manipulate the propagation of SPPs. By 
precisely controlling the size, location and shape of the surface bubbles, as well as the phase 
front of the incident SPPs, divergence, collimation, and focusing of SPPs are all obtained by such 
plasmofluidic lenses.270 Moreover, molecular-controlled nanoparticle assembly in solutions has 
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been successfully demonstrated, providing a powerful building block of plasmonic metamaterials 
at deep sub-wavelength scale.  
In conclusion, we have witnessed tremendous progress of metamaterials and plasmonics 
over the past decade. The alliance of metamaterials and plasmonics will inevitably offer novel 
opportunities to advance both fields and stimulate new cross-disciplinary approaches to address 
grand challenges in information processing, clean energy, and human health. Many important 
discoveries and applications in the emerging field of plasmonic metamaterials are awaiting us to 
exploit.  
 
References 
1  Smith, D., Pendry, J. & Wiltshire, M. Metamaterials and negative refractive  index. Science 305, 
788‐792 (2004). 
2  Liu, Y. & Zhang, X. Metamaterials: a new  frontier of science and  technology. Chemical Society 
Reviews 40, 2494‐2507 (2011). 
3  Soukoulis, C. M. & Wegener, M. Past achievements and future challenges in the development of 
three‐dimensional photonic metamaterials. Nature Photonics 5, 523‐530 (2011). 
4  Cai, W. & Shalaev, V. M. Optical metamaterials: fundamentals and applications. (Springer, 2010). 
5  Smith, D.,  Schultz,  S., Markoš,  P. &  Soukoulis,  C. Determination  of  effective  permittivity  and 
permeability of metamaterials  from reflection and transmission coefficients. Physical Review B 
65, 195104 (2002). 
6  Pendry, J. B., Holden, A., Stewart, W. & Youngs, I. Extremely low frequency plasmons in metallic 
mesostructures. Physical Review Letters 76, 4773‐4776 (1996). 
7  Pendry, J. B., Holden, A., Robbins, D. & Stewart, W. Magnetism from conductors and enhanced 
nonlinear phenomena. Microwave Theory and Techniques,  IEEE Transactions on 47, 2075‐2084 
(1999). 
8  Smith,  D.  R.  &  Kroll,  N.  Negative  refractive  index  in  left‐handed materials.  Physical  Review 
Letters 85, 2933‐2936 (2000). 
9  Choi, M. et al. A terahertz metamaterial with unnaturally high refractive index. Nature 470, 369‐
373 (2011). 
10  Gansel, J. K. et al. Gold helix photonic metamaterial as broadband circular polarizer. Science 325, 
1513‐1515 (2009). 
11  Pendry,  J. B., Schurig, D. & Smith, D. R. Controlling electromagnetic  fields. Science 312, 1780‐
1782 (2006). 
12  Leonhardt, U. Optical conformal mapping. Science 312, 1777‐1780 (2006). 
13  Greenleaf,  A.,  Kurylev,  Y.,  Lassas,  M.  &  Uhlmann,  G.  Cloaking  devices,  electromagnetic 
wormholes, and transformation optics. SIAM Review 51, 3‐33 (2009). 
14  Chen, H., Chan, C. & Sheng, P. Transformation optics and metamaterials. Nature Materials 9, 
387‐396 (2010). 
15  Liu, Y. & Zhang, X. Recent advances in transformation optics. Nanoscale 4, 5277‐5292 (2012). 
16  Soukoulis, C. M. Negative refractive index at optical wavelengths. Science 315, 47‐49 (2007). 
17  Klein, M., Enkrich, C., Wegener, M., Soukoulis, C. & Linden, S. Single‐slit split‐ring resonators at 
optical frequencies: limits of size scaling. Optics Letters 31, 1259‐1261 (2006). 
48 
 
18  Zhou, J. et al. Saturation of the magnetic response of split‐ring resonators at optical frequencies. 
Physical Review Letters 95, 223902 (2005). 
19  Tretyakov,  S.  On  geometrical  scaling  of  split‐ring  and  double‐bar  resonators  at  optical 
frequencies. Metamaterials 1, 40‐43 (2007). 
20  Raether, H. Surface plasmons. (Springer‐Verlag Berlin, 1988). 
21  Maier,  S.  A.  Plasmonics:  fundamentals  and  applications.  (Springer  Science+Business  Media, 
2007). 
22  Anker, J. N. et al. Biosensing with plasmonic nanosensors. Nature Materials 7, 442‐453 (2008). 
23  Zhang, X. & Liu, Z. Superlenses to overcome  the diffraction  limit. Nature Materials 7, 435‐441 
(2008). 
24  Atwater, H. A. & Polman, A. Plasmonics for improved photovoltaic devices. Nature Materials 9, 
205‐213 (2010). 
25  Srituravanich, W., Fang, N., Sun, C., Luo, Q. & Zhang, X. Plasmonic nanolithography. Nano Letters 
4, 1085‐1088 (2004). 
26  Gramotnev, D. K. & Bozhevolnyi, S. I. Plasmonics beyond the diffraction limit. Nature Photonics 4, 
83‐91 (2010). 
27  Chaturvedi, P. et al. A smooth optical superlens. Applied Physics Letters 96, 043102 (2010). 
28  Nie, S. & Emory, S. R. Probing  single molecules and  single nanoparticles by  surface‐enhanced 
Raman scattering. Science 275, 1102‐1106 (1997). 
29  Kneipp,  K.  et  al.  Single molecule  detection  using  surface‐enhanced  Raman  scattering  (SERS). 
Physical Review Letters 78, 1667 (1997). 
30  Campion, A. & Kambhampati, P. Surface‐enhanced Raman scattering. Chemical Society Reviews 
27, 241‐250 (1998). 
31  Zhang, R. et al. Chemical mapping of a single molecule by plasmon‐enhanced Raman scattering. 
Nature 498, 82‐86 (2013). 
32  Veselago, V. G. The electrodynamics of substances with simultaneously negative values of ε and 
μ. Physics‐Uspekhi 10, 509‐514 (1968). 
33  Shelby, R.,  Smith, D. &  Schultz,  S. Experimental  verification of  a negative  index of  refraction. 
Science 292, 77‐79 (2001). 
34  Zhang,  S.  et  al.  Experimental  demonstration  of  near‐infrared  negative‐index  metamaterials. 
Physical Review Letters 95, 137404 (2005). 
35  Valentine,  J.  et  al.  Three‐dimensional  optical metamaterial with  a  negative  refractive  index. 
Nature 455, 376‐379 (2008). 
36  Xiao, S. et al.  Loss‐free and active optical negative‐index metamaterials. Nature 466, 735‐738 
(2010). 
37  Shin,  H.  &  Fan,  S.  All‐angle  negative  refraction  for  surface  plasmon  waves  using  a  metal‐
dielectric‐metal structure. Physical Review Letters 96, 073907 (2006). 
38  Lezec, H. J., Dionne, J. A. & Atwater, H. A. Negative refraction at visible frequencies. Science 316, 
430‐432 (2007). 
39  Verhagen,  E.,  de  Waele,  R.,  Kuipers,  L.  &  Polman,  A.  Three‐dimensional  negative  index  of 
refraction at optical frequencies by coupling plasmonic waveguides. Physical Review Letters 105, 
223901 (2010). 
40  Xu, T., Agrawal, A., Abashin, M., Chau, K. J. & Lezec, H. J. All‐angle negative refraction and active 
flat lensing of ultraviolet light. Nature 497, 470‐474 (2013). 
41  Atre,  A.  C.,  García‐Etxarri,  A.,  Alaeian,  H.  &  Dionne,  J.  A.  A  broadband  negative  index 
metamaterial at optical frequencies. Advanced Optical Materials 1, 327‐333(2013). 
49 
 
42  Vesseur, E. J. R., Coenen, T., Caglayan, H., Engheta, N. & Polman, A. Experimental verification of 
n= 0 structures for visible light. Physical Review Letters 110, 013902 (2013). 
43  Burgos, S. P., de Waele, R., Polman, A. & Atwater, H. A. A single‐layer wide‐angle negative‐index 
metamaterial at visible frequencies. Nature Materials 9, 407‐412 (2010). 
44  Yao, J. et al. Optical negative refraction  in bulk metamaterials of nanowires. Science 321, 930‐
930 (2008). 
45  Liu, Y., Bartal, G. & Zhang, X. All‐angle negative refraction and imaging in a bulk medium made of 
metallic nanowires in the visible region. Optics Express 16, 15439‐15448 (2008). 
46  Fang, A., Koschny, T. & Soukoulis, C. M. Optical anisotropic metamaterials: negative refraction 
and focusing. Physical Review B 79, 245127 (2009). 
47  Wheeler, M.  S., Aitchison,  J.  S. & Mojahedi, M. Three‐dimensional  array of dielectric  spheres 
with an  isotropic negative permeability at  infrared  frequencies. Physical Review B 72, 193103 
(2005). 
48  Vynck,  K.  et  al.  All‐dielectric  rod‐type metamaterials  at  optical  frequencies.  Physical  Review 
Letters 102, 133901 (2009). 
49  Schuller, J. A., Zia, R., Taubner, T. & Brongersma, M. L. Dielectric metamaterials based on electric 
and magnetic resonances of silicon carbide particles. Physical Review Letters 99, 107401 (2007). 
50  Simovski, C. & Tretyakov, S. Model of isotropic resonant magnetism in the visible range based on 
core‐shell clusters. Physical Review B 79, 045111 (2009). 
51  Paniagua‐Domínguez, R.,  López‐Tejeira,  F., Marqués, R. &  Sánchez‐Gil,  J. A. Metallo‐dielectric 
core–shell nanospheres as building blocks for optical three‐dimensional isotropic negative‐index 
metamaterials. New Journal of Physics 13, 123017 (2011). 
52  Paniagua‐Domínguez, R., Abujetas, D. & Sánchez‐Gil, J. Ultra low‐loss, isotropic optical negative‐
index metamaterial based on hybrid metal‐semiconductor nanowires. Scientific Reports 3, 1507 
(2013). 
53  Mühlig, S. et al. Self‐assembled plasmonic core–shell clusters with an isotropic magnetic dipole 
response in the visible range. ACS Nano 5, 6586‐6592 (2011). 
54  Čerenkov,  P.  Visible  radiation  produced  by  electrons  moving  in  a  medium  with  velocities 
exceeding that of light. Physical Review 52, 378‐379 (1937). 
55  Chen, H. & Chen, M. Flipping photons backward: reversed Cherenkov radiation. Materials Today 
14, 34‐41 (2011). 
56  Zhang, S. & Zhang, X. Flipping a photonic shock wave. Physics 2, 91 (2009). 
57  Xi,  S.  et  al.  Experimental  verification  of  reversed  Cherenkov  radiation  in  left‐handed 
metamaterial. Physical Review Letters 103, 194801 (2009). 
58  Grbic, A. &  Eleftheriades, G. V.  Experimental  verification  of  backward‐wave  radiation  from  a 
negative refractive index metamaterial. Journal of Applied Physics 92, 5930‐5935 (2002). 
59  Antipov,  S.  et  al. Observation  of wakefield  generation  in  left‐handed  band  of metamaterial‐
loaded waveguide. Journal of Applied Physics 104, 014901 (2008). 
60  Seddon, N. & Bearpark, T. Observation of  the  inverse Doppler effect. Science 302, 1537‐1540 
(2003). 
61  Chen,  J. et al. Observation of  the  inverse Doppler effect  in negative‐index materials at optical 
frequencies. Nature Photonics 5, 239‐245 (2011). 
62  Kemp,  B. A.,  Kong,  J. A. & Grzegorczyk,  T. M. Reversal  of wave momentum  in  isotropic  left‐
handed media. Physical Review A 75, 053810 (2007). 
63  Minkowski,  H.  Die  Grundgleichungen  für  die  elektromagnetischen  Vorgänge  in  bewegten 
Körpern.  Nachrichten  von  der  Gesellschaft  der  Wissenschaften  zu  Göttingen,  Mathematisch‐
Physikalische Klasse, 53‐111 (1908). 
50 
 
64  Abraham,  M.  Zur  elektrodynamik  bewegter  körper.  Rendiconti  del  Circolo  Matematico  di 
Palermo (1884‐1940) 28, 1‐28 (1909). 
65  Leonhardt, U. Momentum in an uncertain light. Nature 444, 823‐824 (2006). 
66  Veselago, V. G. Energy,  linear momentum and mass  transfer by an electromagnetic wave  in a 
negative‐refraction medium. Physics‐Uspekhi 52, 649‐654 (2009). 
67  Chau, K. J. & Lezec, H. J. Revisiting the Balazs thought experiment  in the case of a  left‐handed 
material:  electromagnetic‐pulse‐induced  displacement  of  a  dispersive,  dissipative  negative‐
index slab. Optics Express 20, 10138‐10162 (2012). 
68  Mansuripur, M. & Zakharian, A. R. Radiation pressure and photon momentum in negative‐index 
media. Proceedings of SPIE 8455, 845511 (2012). 
69  Nemirovsky, J., Rechtsman, M. C. & Segev, M. Negative radiation pressure and negative effective 
refractive index via dielectric birefringence. Optics Express 20, 8907‐8914 (2012). 
70  Chen, J., Ng, J., Lin, Z. & Chan, C. Optical pulling force. Nature Photonics 5, 531‐534 (2011). 
71  Sukhov, S. & Dogariu, A. Negative nonconservative forces: optical " tractor beams" for arbitrary 
objects. Physical Review Letters 107, 203602 (2011). 
72  Kajorndejnukul, V., Ding, W., Sukhov, S., Qiu, C.‐W. & Dogariu, A. Linear momentum  increase 
and negative optical forces at dielectric interface. Nature Photonics 7, 787‐790 (2013). 
73  Dogariu, A., Sukhov, S. & Sáenz, J. Optically induced 'negative forces'. Nature Photonics 7, 24‐27 
(2012). 
74  Yu, N.  et  al.  Light  propagation with  phase  discontinuities:  generalized  laws  of  reflection  and 
refraction. Science 334, 333‐337 (2011). 
75  Ni, X., Emani, N. K., Kildishev, A. V., Boltasseva, A. & Shalaev, V. M. Broadband light bending with 
plasmonic nanoantennas. Science 335, 427 (2012). 
76  Sun, S. et al. Gradient‐index meta‐surfaces as a bridge  linking propagating waves and  surface 
waves. Nature Materials 11, 426‐431 (2012). 
77  Kildishev, A. V., Boltasseva, A. & Shalaev, V. M. Planar photonics with metasurfaces. Science 339, 
6125 (2013). 
78  Yin, X., Ye, Z., Rho, J., Wang, Y. & Zhang, X. Photonic spin Hall effect at metasurfaces. Science 339, 
1405‐1407 (2013). 
79  Lin,  J. et al. Polarization‐controlled tunable directional coupling of surface plasmon polaritons. 
Science 340, 331‐334 (2013). 
80  Rodríguez‐Fortuño,  F.  J.  et  al.  Near‐field  interference  for  the  unidirectional  excitation  of 
electromagnetic guided modes. Science 340, 328‐330 (2013). 
81  Huang,  L.  et  al.  Helicity  dependent  directional  surface  plasmon  polariton  excitation  using  a 
metasurface with interfacial phase discontinuity. Light: Science & Applications 2, e70 (2013). 
82  Shitrit, N. et al. Spin‐optical metamaterial route to spin‐controlled photonics. Science 340, 724‐
726 (2013). 
83  Grady, N. K.  et al.  Terahertz metamaterials  for  linear polarization  conversion  and  anomalous 
refraction. Science 340, 1304‐1307 (2013). 
84  Chen, X. et al. Dual‐polarity plasmonic metalens for visible light. Nature Communications 3, 1198 
(2012). 
85  Moreau,  A.  et  al.  Controlled‐reflectance  surfaces  with  film‐coupled  colloidal  nanoantennas. 
Nature 492, 86‐89 (2012). 
86  Munk, B. A. Frequency selective surfaces: theory and design. (John Wiley & Sons, 2005). 
87  Ryan, C. G. et al. A wideband transmitarray using dual‐resonant double square rings. Antennas 
and Propagation, IEEE Transactions on 58, 1486‐1493 (2010). 
51 
 
88  Sazegar, M., Zheng, Y., Maune, H., Nikfalazar, M. & Jakoby, R. Beam steering transmitarray using 
a  tunable  frequency  selective  surface  with  integrated  ferroelectric  varactors.  Antennas  and 
Propagation, IEEE Transactions on 60, 5690‐5699 (2012). 
89  Pozar, D. M., Targonski, S. D. & Syrigos, H. Design of millimeter wave microstrip  reflectarrays. 
Antennas and Propagation, IEEE Transactions on 45, 287‐296 (1997). 
90  Costa,  F.,  Monorchio,  A.  &  Manara,  G.  Analysis  and  design  of  ultra  thin  electromagnetic 
absorbers  comprising  resistively  loaded high  impedance  surfaces. Antennas and Propagation, 
IEEE Transactions on 58, 1551‐1558 (2010). 
91  Sun,  J.,  Timurdogan,  E.,  Yaacobi, A., Hosseini,  E.  S. & Watts, M. R.  Large‐scale  nanophotonic 
phased array. Nature 493, 195‐199 (2013). 
92  Aieta,  F.  et  al. Out‐of‐plane  reflection  and  refraction  of  light  by  anisotropic  optical  antenna 
metasurfaces with phase discontinuities. Nano Letters 12, 1702‐1706 (2012). 
93  Aieta, F. et al. Aberration‐free ultrathin flat lenses and axicons at telecom wavelengths based on 
plasmonic metasurfaces. Nano Letters 12, 4932‐4936 (2012). 
94  Huang,  L.  et  al.  Dispersionless  phase  discontinuities  for  controlling  light  propagation.  Nano 
Letters 12, 5750‐5755 (2012). 
95  Yu,  N.  et  al.  A  broadband,  background‐free  quarter‐wave  plate  based  on  plasmonic 
metasurfaces. Nano Letters 12, 6328‐6333 (2012). 
96  Pors, A., Nielsen, M. G., Eriksen, R. L. & Bozhevolnyi, S. I. Broadband focusing flat mirrors based 
on plasmonic gradient metasurfaces. Nano Letters 13, 829‐834 (2013). 
97  Walther, B. et al. Spatial and spectral light shaping with metamaterials. Advanced Materials 24, 
6300‐6304 (2012). 
98  Kats, M. A.  et  al. Giant  birefringence  in  optical  antenna  arrays with widely  tailorable  optical 
anisotropy. Proceedings of the National Academy of Sciences 109, 12364‐12368 (2012). 
99  Pors, A., Albrektsen, O., Radko,  I. P. & Bozhevolnyi, S.  I. Gap plasmon‐based metasurfaces  for 
total control of reflected light. Scientific Reports 3, 2155 (2013). 
100  Lavery, M. P.  J., Speirits, F. C., Barnett, S. M. & Padgett, M.  J. Detection of a Spinning Object 
Using Light’s Orbital Angular Momentum. Science 341, 537‐540 (2013). 
101  Curtis,  J.  E.,  Koss,  B.  A.  &  Grier,  D.  G.  Dynamic  holographic  optical  tweezers.  Optics 
Communications 207, 169‐175 (2002). 
102  Grier, D. G. A revolution in optical manipulation. Nature 424, 810‐816 (2003). 
103  Gibson,  G.  et  al.  Free‐space  information  transfer  using  light  beams  carrying  orbital  angular 
momentum. Optics Express 12, 5448‐5456 (2004). 
104  Barreiro,  J. T., Wei, T.‐C. & Kwiat, P. G. Beating  the  channel  capacity  limit  for  linear photonic 
superdense coding. Nature Physics 4, 282‐286 (2008). 
105  Allen, L., Beijersbergen, M., Spreeuw, R. & Woerdman, J. Orbital angular momentum of light and 
the transformation of Laguerre‐Gaussian laser modes. Physical Review A 45, 8185‐8189 (1992). 
106  Marrucci, L., Manzo, C. & Paparo, D. Optical  spin‐to‐orbital angular momentum  conversion  in 
inhomogeneous anisotropic media. Physical Review Letters 96, 163905 (2006). 
107  Bliokh,  K.  Y.,  Niv,  A.,  Kleiner,  V.  &  Hasman,  E.  Geometrodynamics  of  spinning  light.  Nature 
Photonics 2, 748‐753 (2008). 
108  Wunderlich, J., Kaestner, B., Sinova, J. & Jungwirth, T. Experimental observation of the spin‐Hall 
effect in a two‐dimensional spin‐orbit coupled semiconductor system. Physical Review Letters 94, 
047204 (2005). 
109  Hosten, O. &  Kwiat,  P. Observation  of  the  spin Hall  effect  of  light  via weak measurements. 
Science 319, 787‐790 (2008). 
110  Leyder, C. et al. Observation of the optical spin Hall effect. Nature Physics 3, 628‐631 (2007). 
52 
 
111  Lu,  D.  &  Liu,  Z.  Hyperlenses  and  metalenses  for  far‐field  super‐resolution  imaging.  Nature 
Communications 3, 1205 (2012). 
112  Pfeiffer, C. & Grbic, A. Metamaterial huygens’ surfaces: Tailoring wave fronts with reflectionless 
sheets. Physical Review Letters 110, 197401 (2013). 
113  Monticone,  F., Estakhri, N. M. & Alù, A.  Full  control of nanoscale optical  transmission with a 
composite metascreen. Physical Review Letters 110, 203903 (2013). 
114  Liu, Y., Zentgraf, T., Bartal, G. & Zhang, X. Transformational plasmon optics. Nano  Letters 10, 
1991‐1997 (2010). 
115  Huidobro, P. A., Nesterov, M. L., Martín‐Moreno, L. & García‐Vidal, F.  J. Transformation optics 
for plasmonics. Nano Letters 10, 1985‐1990 (2010). 
116  Aubry, A. et al. Plasmonic light‐harvesting devices over the whole visible spectrum. Nano Letters 
10, 2574‐2579 (2010). 
117  Liu, Y. et al. Compact magnetic antennas  for directional excitation of surface plasmons. Nano 
Letters 12, 4853‐4858 (2012). 
118  Liu, Y. & Zhang, X. Metasurfaces for manipulating surface plasmons. Applied Physics Letters 103, 
141101 (2013). 
119  Novoselov, K. S. et al. Electric field effect  in atomically thin carbon films. Science 306, 666‐669 
(2004). 
120  Novoselov, K. et al. Two‐dimensional atomic crystals. Proceedings of  the National Academy of 
Sciences of the United States of America 102, 10451‐10453 (2005). 
121  Grigorenko, A., Polini, M. & Novoselov, K. Graphene plasmonics. Nature Photonics 6, 749‐758 
(2012). 
122  Rana, F. Graphene terahertz plasmon oscillators. Nanotechnology, IEEE Transactions on 7, 91‐99 
(2008). 
123  Jablan, M., Buljan, H. &  Soljačić, M. Plasmonics  in  graphene  at  infrared  frequencies. Physical 
Review B 80, 245435 (2009). 
124  Koppens, F. H., Chang, D. E. & Garcia de Abajo, F. J. Graphene plasmonics: a platform for strong 
light‐matter interactions. Nano Letters 11, 3370‐3377 (2011). 
125  Vakil, A. & Engheta, N. Transformation optics using graphene. Science 332, 1291‐1294 (2011). 
126  Bao, Q. &  Loh, K. P. Graphene photonics, plasmonics, and broadband optoelectronic devices. 
ACS Nano 6, 3677‐3694 (2012). 
127  Tassin,  P.,  Koschny,  T.,  Kafesaki,  M.  &  Soukoulis,  C.  M.  A  comparison  of  graphene, 
superconductors and metals as conductors for metamaterials and plasmonics. Nature Photonics 
6, 259‐264 (2012). 
128  Neto, A. C., Guinea,  F., Peres, N., Novoselov, K. S. & Geim, A. K. The electronic properties of 
graphene. Reviews of Modern Physics 81, 109‐162 (2009). 
129  Wang, F. et al. Gate‐variable optical transitions in graphene. Science 320, 206‐209 (2008). 
130  Li, Z. et al. Dirac charge dynamics in graphene by infrared spectroscopy. Nature Physics 4, 532‐
535 (2008). 
131  Mak, K. F. et al. Measurement of the optical conductivity of graphene. Physical Review Letters 
101, 196405 (2008). 
132  Giovannetti, G. et al. Doping graphene with metal contacts. Physical Review Letters 101, 026803 
(2008). 
133  Zhang, Y. et al. Direct observation of a widely tunable bandgap in bilayer graphene. Nature 459, 
820‐823 (2009). 
134  Bonaccorso, F., Sun, Z., Hasan, T. & Ferrari, A. Graphene photonics and optoelectronics. Nature 
Photonics 4, 611‐622 (2010). 
53 
 
135  Fei, Z. et al. Gate‐tuning of graphene plasmons revealed by infrared nano‐imaging. Nature 487, 
82‐85 (2012). 
136  Allen Jr, S., Tsui, D. & Logan, R. Observation of the two‐dimensional plasmon in silicon inversion 
layers. Physical Review Letters 38, 980‐983 (1977). 
137  Batke, E., Heitmann, D. & Tu, C. Plasmon and magnetoplasmon excitation  in  two‐dimensional 
electron space‐charge layers on GaAs. Physical Review B 34, 6951 (1986). 
138  Hwang,  E.  &  Sarma,  S.  D.  Dielectric  function,  screening,  and  plasmons  in  two‐dimensional 
graphene. Physical Review B 75, 205418 (2007). 
139  Ju, L. et al. Graphene plasmonics for tunable terahertz metamaterials. Nature Nanotechnology 6, 
630‐634 (2011). 
140  Lee, S. H. et al. Switching terahertz waves with gate‐controlled active graphene metamaterials. 
Nature Materials 11, 936‐941 (2012). 
141  Yan,  H.  et  al.  Tunable  infrared  plasmonic  devices  using  graphene/insulator  stacks.  Nature 
Nanotechnology 7, 330‐334 (2012). 
142  Bostwick, A., Ohta, T., Seyller, T., Horn, K. & Rotenberg, E. Quasiparticle dynamics in graphene. 
Nature Physics 3, 36‐40 (2006). 
143  Eberlein, T. et al. Plasmon spectroscopy of free‐standing graphene films. Physical Review B 77, 
233406 (2008). 
144  Brar, V. W. et al. Observation of carrier‐density‐dependent many‐body effects  in graphene via 
tunneling spectroscopy. Physical Review Letters 104, 036805 (2010). 
145  Chen,  J.  et  al.  Optical  nano‐imaging  of  gate‐tunable  graphene  plasmons.  Nature  487,  77‐81 
(2012). 
146  Zhou, W.  et  al.  Atomically  localized  plasmon  enhancement  in monolayer  graphene.  Nature 
Nanotechnology 7, 161‐165 (2012). 
147  Fang,  Z.  et  al.  Gated  tunability  and  hybridization  of  localized  plasmons  in  nanostructured 
graphene. ACS Nano 7, 2388‐2395 (2013). 
148  Garcia‐Pomar,  J.  L.,  Nikitin,  A.  Y.  & Martin‐Moreno,  L.  Scattering  of  graphene  plasmons  by 
defects in the graphene sheet. ACS Nano 7, 4988‐4994 (2013). 
149  Thongrattanasiri, S. & de Abajo, F. J. G. Optical field enhancement by strong plasmon interaction 
in graphene nanostructures. Physical Review Letters 110, 187401 (2013). 
150  Christensen,  J., Manjavacas,  A.,  Thongrattanasiri,  S.,  Koppens,  F.  H. &  García  de  Abajo,  F.  J. 
Graphene  plasmon waveguiding  and  hybridization  in  individual  and  paired  nanoribbons. ACS 
Nano 6, 431‐440 (2011). 
151  Yao, Y. et al. Broad electrical tuning of graphene‐loaded plasmonic antennas. Nano Letters 13, 
1257‐1264 (2013). 
152  Papasimakis, N., Thongrattanasiri, S., Zheludev, N. I. & de Abajo, F. G. The magnetic response of 
graphene split‐ring metamaterials. Light: Science & Applications 2, e78 (2013). 
153  Yan, H. et al. Damping pathways of mid‐infrared plasmons  in graphene nanostructures. Nature 
Photonics 7, 394‐399 (2013). 
154  Nair,  R.  et  al.  Fine  structure  constant  defines  visual  transparency  of  graphene.  Science  320, 
1308‐1308 (2008). 
155  Liu, N., Mesch, M., Weiss,  T., Hentschel, M. & Giessen, H.  Infrared  perfect  absorber  and  its 
application as plasmonic sensor. Nano Letters 10, 2342‐2348 (2010). 
156  Zhu, J.‐J., Badalyan, S. & Peeters, F. Plasmonic excitations in Coulomb‐coupled N‐layer graphene 
structures. Physical Review B 87, 085401 (2013). 
157  Li,  Z.  &  Yu,  N.  Modulation  of  mid‐infrared  light  using  graphene‐metal  plasmonic  antennas. 
Applied Physics Letters 102, 131108 (2013). 
54 
 
158  Llatser,  I.  et  al.  Graphene‐based  nano‐patch  antenna  for  terahertz  radiation.  Photonics  and 
Nanostructures‐Fundamentals and Applications 10, 353‐358 (2012). 
159  Auditore, A. et al. Graphene sustained nonlinear modes in dielectric waveguides. Optics Letters 
38, 631‐633 (2013). 
160  Lee, S. H., Choi, J., Kim, H.‐D., Choi, H. & Min, B. Ultrafast refractive index control of a terahertz 
graphene metamaterial. Scientific Reports 3, 2135 (2013). 
161  Ebbesen, T. W.,  Lezec, H., Ghaemi, H., Thio, T. & Wolff, P. Extraordinary optical  transmission 
through sub‐wavelength hole arrays. Nature 391, 667‐669 (1998). 
162  Martin‐Moreno,  L. et al. Theory of extraordinary optical  transmission  through  subwavelength 
hole arrays. Physical Review Letters 86, 1114‐1117 (2001). 
163  Grischkowsky, D., Keiding, S., Exter, M. v. & Fattinger, C. Far‐infrared time‐domain spectroscopy 
with  terahertz  beams  of  dielectrics  and  semiconductors.  Journal  of  the  Optical  Society  of 
America B 7, 2006‐2015 (1990). 
164  Niu,  J.,  Jun Shin, Y.,  Lee, Y., Ahn,  J.‐H. & Yang, H. Graphene  induced  tunability of  the  surface 
plasmon resonance. Applied Physics Letters 100, 061116 (2012). 
165  Kim,  J. et al. Electrical  control of optical plasmon  resonance with graphene. Nano  Letters 12, 
5598‐5602 (2012). 
166  Brar, V. W.,  Jang, M., Sherrott, M., Lopez,  J.  J. & Atwater, H. A. Highly confined  tunable mid‐
infrared plasmonics in graphene nanoresonators. Nano Letters 13, 2154‐2157 (2013). 
167  Emani, N. K. et al. Electrically tunable damping of plasmonic  resonances with graphene. Nano 
Letters 12, 5202‐5206 (2012). 
168  Brolo, A. G. Plasmonics for future biosensors. Nature Photonics 6, 709‐713 (2012). 
169  West,  J.  L. & Halas, N.  J.  Engineered  nanomaterials  for  biophotonics  applications:  improving 
sensing, imaging, and therapeutics. Annual Review of Biomedical Engineering 5, 285‐292 (2003). 
170  Homola,  J.  Present  and  future  of  surface  plasmon  resonance  biosensors.  Analytical  and 
Bioanalytical Chemistry 377, 528‐539 (2003). 
171  Homola, J. Surface plasmon resonance sensors for detection of chemical and biological species. 
Chemical Reviews 108, 462‐493 (2008). 
172  Willets, K. A. & Van Duyne, R. P. Localized surface plasmon resonance spectroscopy and sensing. 
Annual Review of Physical Chememistry 58, 267‐297 (2007). 
173  Kabashin, A. et al. Plasmonic nanorod metamaterials  for biosensing. Nature Materials 8, 867‐
871 (2009). 
174  Hendry, E. et al. Ultrasensitive detection and characterization of biomolecules using superchiral 
fields. Nature Nanotechnology 5, 783‐787 (2010). 
175  Lee,  J., Hernandez, P.,  Lee,  J., Govorov, A. O. & Kotov, N. A.  Exciton–plasmon  interactions  in 
molecular  spring  assemblies  of  nanowires  and  wavelength‐based  protein  detection.  Nature 
Materials 6, 291‐295 (2007). 
176  Wu,  C.  et  al.  Fano‐resonant  asymmetric  metamaterials  for  ultrasensitive  spectroscopy  and 
identification of molecular monolayers. Nature Materials 11, 69‐75 (2011). 
177  Kravets, V. et al. Singular phase nano‐optics  in plasmonic metamaterials  for  label‐free  single‐
molecule detection. Nature Materials 12, 304‐309 (2013). 
178  Brolo, A. G., Gordon, R., Leathem, B. & Kavanagh, K. L. Surface plasmon  sensor based on  the 
enhanced light transmission through arrays of nanoholes in gold films. Langmuir 20, 4813‐4815 
(2004). 
179  Tetz, K. A., Pang, L. & Fainman, Y. High‐resolution surface plasmon resonance sensor based on 
linewidth‐optimized nanohole array transmittance. Optics Letters 31, 1528‐1530 (2006). 
55 
 
180  Dahlin, A. B., Tegenfeldt, J. O. & Höök, F. Improving the instrumental resolution of sensors based 
on localized surface plasmon resonance. Analytical Chemistry 78, 4416‐4423 (2006). 
181  Abbas, A.,  Linman, M.  J. & Cheng, Q. New  trends  in  instrumental design  for  surface plasmon 
resonance‐based biosensors. Biosensors and Bioelectronics 26, 1815‐1824 (2011). 
182  Yanik, A. A. et al. Seeing protein monolayers with naked eye through plasmonic Fano resonances. 
Proceedings of the National Academy of Sciences 108, 11784‐11789 (2011). 
183  Miroshnichenko,  A.  E.,  Flach,  S.  &  Kivshar,  Y.  S.  Fano  resonances  in  nanoscale  structures. 
Reviews of Modern Physics 82, 2257‐2298 (2010). 
184  Luk'yanchuk,  B.  et  al.  The  Fano  resonance  in  plasmonic  nanostructures  and metamaterials. 
Nature Materials 9, 707‐715 (2010). 
185  Shafiei,  F.  et  al. A  subwavelength plasmonic metamolecule  exhibiting magnetic‐based optical 
Fano resonance. Nature Nanotechnology 8, 95‐99 (2013). 
186  Fano, U. Effects of configuration interaction on intensities and phase shifts. Physical Review 124, 
1866‐1878 (1961). 
187  Chang, W.‐S. et al. A plasmonic Fano switch. Nano Letters 12, 4977‐4982 (2012). 
188  Argyropoulos, C., Chen, P.‐Y., Monticone, F., D’Aguanno, G. & Alu, A. Nonlinear plasmonic cloaks 
to realize giant all‐optical scattering switching. Physical Review Letters 108, 263905 (2012). 
189  Zheludev, N.  I., Prosvirnin, S., Papasimakis, N. & Fedotov, V. Lasing spaser. Nature Photonics 2, 
351‐354 (2008). 
190  Luk'yanchuk, B. et al. What we expect from weakly dissipating materials at the range of plasmon 
resonance frequencies. in PhotonicsGlobal@Singapore, 2008. IPGC 2008. IEEE (2008). 
191  Hao,  F.  et  al.  Symmetry  breaking  in  plasmonic  nanocavities:  subradiant  LSPR  sensing  and  a 
tunable Fano resonance. Nano Letters 8, 3983‐3988 (2008). 
192  Christ, A., Martin, O.  J.,  Ekinci,  Y., Gippius, N. A. &  Tikhodeev,  S. G.  Symmetry breaking  in  a 
plasmonic metamaterial at optical wavelength. Nano Letters 8, 2171‐2175 (2008). 
193  Fedotov, V. A., Rose, M., Prosvirnin, S. L., Papasimakis, N. & Zheludev, N. I. Sharp trapped‐mode 
resonances in planar metamaterials with a broken structural symmetry. Physical Review Letters 
99, 147401 (2007). 
194  Verellen, N. et al. Fano resonances in individual coherent plasmonic nanocavities. Nano Letters 9, 
1663‐1667 (2009). 
195  Liu,  N.  et  al.  Plasmonic  analogue  of  electromagnetically  induced  transparency  at  the  Drude 
damping limit. Nature Materials 8, 758‐762 (2009). 
196  Liu,  N.  et  al.  Planar metamaterial  analogue  of  electromagnetically  induced  transparency  for 
plasmonic sensing. Nano Letters 10, 1103‐1107 (2009). 
197  Ridolfo, A., Di Stefano, O., Fina, N., Saija, R. & Savasta, S. Quantum plasmonics with quantum 
dot‐metal  nanoparticle molecules:  influence  of  the  Fano  effect  on  photon  statistics.  Physical 
Review Letters 105, 263601 (2010). 
198  Becker,  J., Trügler, A.,  Jakab, A., Hohenester, U. & Sönnichsen, C. The optimal aspect  ratio of 
gold nanorods for plasmonic bio‐sensing. Plasmonics 5, 161‐167 (2010). 
199  Mayer, K. M. et al. A label‐free immunoassay based upon  localized surface plasmon resonance 
of gold nanorods. ACS Nano 2, 687‐692 (2008). 
200  Simovski, C. R., Belov, P. A., Atrashchenko, A. V. & Kivshar, Y. S. Wire metamaterials: physics and 
applications. Advanced Materials 24, 4229‐4248 (2012). 
201  Kuwata‐Gonokami,  M.  et  al.  Giant  optical  activity  in  quasi‐two‐dimensional  planar 
nanostructures. Physical Review Letters 95, 227401 (2005). 
202  Schäferling, M., Dregely, D., Hentschel, M. & Giessen, H.  Tailoring  enhanced optical  chirality: 
Design principles for chiral plasmonic nanostructures. Physical Review X 2, 031010 (2012). 
56 
 
203  Tang, Y. & Cohen, A. E. Optical chirality and its interaction with matter. Physical Review Letters 
104, 163901 (2010). 
204  Barron, L. D. Molecular light scattering and optical activity. (Cambridge University Press, 2004). 
205  Tan, S. J., Campolongo, M. J., Luo, D. & Cheng, W. Building plasmonic nanostructures with DNA. 
Nature Nanotechnology 6, 268‐276 (2011). 
206  Bishop, K. J., Wilmer, C. E., Soh, S. & Grzybowski, B. A. Nanoscale forces and their uses  in self‐
assembly. Small 5, 1600‐1630 (2009). 
207  Gong,  J.,  Li,  G.  &  Tang,  Z.  Self‐assembly  of  noble  metal  nanocrystals:  Fabrication,  optical 
property, and application. Nano Today 7, 564‐585 (2012). 
208  Fan, J. A. et al. Self‐assembled plasmonic nanoparticle clusters. Science 328, 1135‐1138 (2010). 
209  Prodan,  E.,  Radloff,  C.,  Halas,  N.  &  Nordlander,  P.  A  hybridization  model  for  the  plasmon 
response of complex nanostructures. Science 302, 419‐422 (2003). 
210  Nordlander,  P.,  Oubre,  C.,  Prodan,  E.,  Li,  K.  &  Stockman,  M.  Plasmon  hybridization  in 
nanoparticle dimers. Nano Letters 4, 899‐903 (2004). 
211  Rothemund, P. W. Folding DNA to create nanoscale shapes and patterns. Nature 440, 297‐302 
(2006). 
212  Mirkin, C. A., Letsinger, R. L., Mucic, R. C. & Storhoff,  J.  J. A DNA‐based method  for  rationally 
assembling nanoparticles into macroscopic materials. Nature 382, 607‐609 (1996). 
213  Alivisatos, A. P. et al. Organization of  'nanocrystal molecules' using DNA. Nature 382, 609‐611 
(1996). 
214  Mastroianni,  A.,  Claridge,  S.  &  Alivisatos,  A.  P.  Pyramidal  and  chiral  groupings  of  gold 
nanocrystals  assembled  using  DNA  scaffolds.  Journal  of  the  American  Chemical  Society  131, 
8455‐8459 (2009). 
215  Mucic,  R.  C.,  Storhoff,  J.  J., Mirkin,  C.  A. &  Letsinger,  R.  L. DNA‐directed  synthesis  of  binary 
nanoparticle  network materials.  Journal  of  the  American  Chemical  Society  120,  12674‐12675 
(1998). 
216  Aldaye, F. A. & Sleiman, H. F. Sequential self‐assembly of a DNA hexagon as a template for the 
organization  of  gold  nanoparticles.  Angewandte  Chemie  International  Edition  45,  2204‐2209 
(2006). 
217  Kuzyk, A. et al. DNA‐based self‐assembly of chiral plasmonic nanostructures with tailored optical 
response. Nature 483, 311‐314 (2012). 
218  Murray,  C.,  Kagan,  C.  &  Bawendi,  M.  Synthesis  and  characterization  of  monodisperse 
nanocrystals and close‐packed nanocrystal assemblies. Annual Review of Materials Science 30, 
545‐610 (2000). 
219  Whitesides, G. M. & Grzybowski, B. Self‐assembly at all scales. Science 295, 2418‐2421 (2002). 
220  Tao, A., Sinsermsuksakul, P. & Yang, P. Tunable plasmonic lattices of silver nanocrystals. Nature 
Nanotechnology 2, 435‐440 (2007). 
221  Chen,  C.‐F.,  Tzeng,  S.‐D.,  Chen,  H.‐Y.,  Lin,  K.‐J. &  Gwo,  S.  Tunable  plasmonic  response  from 
alkanethiolate‐stabilized gold nanoparticle superlattices: Evidence of near‐field coupling. Journal 
of the American Chemical Society 130, 824‐826 (2008). 
222  Lin,  M.‐H.,  Chen,  H.‐Y.  &  Gwo,  S.  Layer‐by‐layer  assembly  of  three‐dimensional  colloidal 
supercrystals with tunable plasmonic properties. Journal of the American Chemical Society 132, 
11259‐11263 (2010). 
223  Leunissen, M. E. et al.  Ionic colloidal crystals of oppositely charged particles. Nature 437, 235‐
240 (2005). 
224  Shevchenko, E. V., Talapin, D. V., Kotov, N. A., O'Brien, S. & Murray, C. B. Structural diversity in 
binary nanoparticle superlattices. Nature 439, 55‐59 (2006). 
57 
 
225  Dong, A., Chen,  J., Vora, P. M., Kikkawa,  J. M. & Murray, C. B. Binary nanocrystal superlattice 
membranes self‐assembled at the liquid‐air interface. Nature 466, 474‐477 (2010). 
226  Dong,  A.,  Ye,  X.,  Chen,  J.  &  Murray,  C.  B.  Two‐dimensional  binary  and  ternary  nanocrystal 
superlattices: the case of monolayers and bilayers. Nano Letters 11, 1804‐1809 (2011). 
227  Tao, A. R., Habas, S. & Yang, P. Shape control of colloidal metal nanocrystals. Small 4, 310‐325 
(2008). 
228  Henzie, J., Grünwald, M., Widmer‐Cooper, A., Geissler, P. L. & Yang, P. Self‐assembly of uniform 
polyhedral silver nanocrystals  into densest packings and exotic superlattices. Nature Materials 
11, 131‐137 (2011). 
229  Nahata,  A.,  Linke,  R.  A.,  Ishi,  T. & Ohashi,  K.  Enhanced  nonlinear  optical  conversion  from  a 
periodically nanostructured metal film. Optics Letters 28, 423‐425 (2003). 
230  Kim, S. et al. High‐harmonic generation by  resonant plasmon  field enhancement. Nature 453, 
757‐760 (2008). 
231  Park,  I.‐Y.  et  al.  Plasmonic  generation  of  ultrashort  extreme‐ultraviolet  light  pulses.  Nature 
Photonics 5, 677‐681 (2011). 
232  Klein, M. W., Enkrich, C., Wegener, M. & Linden, S. Second‐harmonic generation from magnetic 
metamaterials. Science 313, 502‐504 (2006). 
233  Klein, M. W., Wegener, M.,  Feth, N. &  Linden,  S.  Experiments on  second‐and  third‐harmonic 
generation from magnetic metamaterials. Optics Express 15, 5238‐5247 (2007). 
234  Maslovski, S. & Tretyakov, S. Phase conjugation and perfect  lensing. Journal of applied physics 
94, 4241‐4243 (2003). 
235  Pendry, J. Time reversal and negative refraction. Science 322, 71‐73 (2008). 
236  Katko,  A.  R.  et  al.  Phase  conjugation  and  negative  refraction  using  nonlinear  active 
metamaterials. Physical Review Letters 105, 123905 (2010). 
237  Palomba, S. et al. Optical negative refraction by four‐wave mixing in thin metallic nanostructures. 
Nature Materials 11, 34‐38 (2011). 
238  Harutyunyan, H., Beams, R. & Novotny,  L. Controllable optical  negative  refraction  and phase 
conjugation in graphite thin films. Nature Physics 9, 423‐425 (2013). 
239  Zharov, A. A., Shadrivov, I. V. & Kivshar, Y. S. Nonlinear properties of left‐handed metamaterials. 
Physical Review Letters 91, 037401 (2003). 
240  Agranovich, V., Shen, Y., Baughman, R. & Zakhidov, A. Linear and nonlinear wave propagation in 
negative refraction metamaterials. Physical Review B 69, 165112 (2004). 
241  Lazarides,  N.,  Eleftheriou,  M.  &  Tsironis,  G.  Discrete  breathers  in  nonlinear  magnetic 
metamaterials. Physical Review Letters 97, 157406 (2006). 
242  Liu,  Y.,  Bartal,  G.,  Genov,  D.  A.  &  Zhang,  X.  Subwavelength  discrete  solitons  in  nonlinear 
metamaterials. Physical Review Letters 99, 153901 (2007). 
243  Wurtz, G. A. et al. Designed ultrafast optical nonlinearity  in a plasmonic nanorod metamaterial 
enhanced by nonlocality. Nature Nanotechnology 6, 107‐111 (2011). 
244  Krasavin, A. V., Vo, T. P., Dickson, W., Bolger, P. M. & Zayats, A. V. All‐plasmonic modulation via 
stimulated emission of copropagating surface plasmon polaritons on a substrate with gain. Nano 
Letters 11, 2231‐2235 (2011). 
245  Ren,  M.,  Plum,  E.,  Xu,  J.  &  Zheludev,  N.  I.  Giant  nonlinear  optical  activity  in  a  plasmonic 
metamaterial. Nature Communications 3, 833 (2012). 
246  Lapine, M., Shadrivov, I. V., Powell, D. A. & Kivshar, Y. S. Magnetoelastic metamaterials. Nature 
Materials 11, 30‐33 (2011). 
247  Tame, M. S. et al. Quantum plasmonics. Nature Physics 9, 329‐340 (2013). 
58 
 
248  Altewischer,  E.,  Van  Exter, M.  &  Woerdman,  J.  Plasmon‐assisted  transmission  of  entangled 
photons. Nature 418, 304‐306 (2002). 
249  Ouyang, F., Batson, P. & Isaacson, M. Quantum size effects in the surface‐plasmon excitation of 
small  metallic  particles  by  electron‐energy‐loss  spectroscopy.  Physical  Review  B  46,  15421 
(1992). 
250  Scholl,  J.  A.,  Koh,  A.  L.  &  Dionne,  J.  A. Quantum  plasmon  resonances  of  individual metallic 
nanoparticles. Nature 483, 421‐427 (2012). 
251  Savage, K. J. et al. Revealing the quantum regime in tunnelling plasmonics. Nature 491, 574‐577 
(2012). 
252  Scholl,  J. A., García‐Etxarri, A.,  Koh, A.  L. & Dionne,  J. A. Observation  of  quantum  tunneling 
between two plasmonic nanoparticles. Nano Letters 13, 564‐569 (2013). 
253  García  de Abajo,  F.  J. Nonlocal  effects  in  the  plasmons  of  strongly  interacting  nanoparticles, 
dimers, and waveguides. The Journal of Physical Chemistry C 112, 17983‐17987 (2008). 
254  Fernández‐Domínguez, A., Wiener, A., García‐Vidal, F., Maier, S. & Pendry,  J. Transformation‐
optics description of nonlocal effects in plasmonic nanostructures. Physical Review Letters 108, 
106802 (2012). 
255  Esteban,  R.,  Borisov,  A.  G.,  Nordlander,  P.  &  Aizpurua,  J.  Bridging  quantum  and  classical 
plasmonics with a quantum‐corrected model. Nature Communications 3, 825 (2012). 
256  Jacob, Z. et al. Engineering photonic density of states using metamaterials. Applied Physics B 100, 
215‐218 (2010). 
257  Noginov, M. et al. Demonstration of a spaser‐based nanolaser. Nature 460, 1110‐1112 (2009). 
258  Oulton, R. F. et al. Plasmon lasers at deep subwavelength scale. Nature 461, 629‐632 (2009). 
259  Akimov,  A.  et  al.  Generation  of  single  optical  plasmons  in  metallic  nanowires  coupled  to 
quantum dots. Nature 450, 402‐406 (2007). 
260  Chang,  D.  E.,  Sørensen,  A.  S.,  Demler,  E.  A. &  Lukin, M.  D.  A  single‐photon  transistor  using 
nanoscale surface plasmons. Nature Physics 3, 807‐812 (2007). 
261  Falk, A. L. et al. Near‐field electrical detection of optical plasmons and single‐plasmon sources. 
Nature Physics 5, 475‐479 (2009). 
262  Driscoll, T. et al. Memory metamaterials. Science 325, 1518‐1521 (2009). 
263  Liu,  M.  et  al.  Terahertz‐field‐induced  insulator‐to‐metal  transition  in  vanadium  dioxide 
metamaterial. Nature 487, 345‐348 (2012). 
264  Wang,  J.,  Liu,  S.  &  Nahata,  A.  Reconfigurable  plasmonic  devices  using  liquid metals.  Optics 
Express 20, 12119‐12126 (2012). 
265  Khoo,  I., Werner, D.,  Liang, X., Diaz, A. & Weiner, B. Nanosphere dispersed  liquid  crystals  for 
tunable negative‐zero‐positive  index of  refraction  in  the optical and  terahertz  regimes. Optics 
Letters 31, 2592‐2594 (2006). 
266  Liu, Q. et al. Self‐alignment of plasmonic gold nanorods  in reconfigurable anisotropic fluids for 
tunable bulk metamaterial applications. Nano Letters 10, 1347‐1353 (2010). 
267  Urzhumov, Y. et al. Electronically reconfigurable metal‐on‐silicon metamaterial. Physical Review 
B 86, 075112 (2012). 
268  Liu, A., Zhu, W., Tsai, D. & Zheludev, N. Micromachined tunable metamaterials: a review. Journal 
of Optics 14, 114009 (2012). 
269  Ou, J.‐Y., Plum, E., Zhang, J. & Zheludev, N.  I. An electromechanically reconfigurable plasmonic 
metamaterial operating in the near‐infrared. Nature Nanotechnology 8, 252‐255 (2013). 
270  Zhao, C.,  Liu, Y., Zhao, Y., Fang, N. & Huang, T.  J. A  reconfigurable plasmofluidic  lens. Nature 
Communications 4, 2305 (2013). 
